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Sensorimotor gating, or prepulse inhibition (PPI), attenuates the startle response during 
sensory processing by limiting sensory input to the startle circuit. In the goldfish startle circuit, a 
single action potential in the Mauthner-cell (M-cell) triggers the startle response. PPI in the M-
cell is mediated by multiple post-synaptic mechanisms, including the activation of a tonic, 
shunting inhibition as well as a voltage-sensitive conductance, both of which briefly reduce M-
cell excitability. However, the specific channels and pathways that modulate PPI are not fully 
known. This work further characterizes the post-synaptic conductances that mediate PPI by 
blocking voltage-gated and inward-rectifying potassium channels, antagonizing serotonin 
subtype receptors, and administering the stress hormone cortisol.  
Chapter 2 characterizes the involvement of potassium conductances in sound-evoked 
inhibition associated with PPI. During PPI, the M-cell activates inhibitory conductances that may 
be potassium-related, although this has not been directly shown. We found that administration of 
an inward-rectifying G-protein gated potassium channel blocker interferes with PPI. In contrast, 
blocking a different potassium conductance, the voltage-gated potassium channel Kv1.1, 
attenuates an inhibitory tone in the absence of sound but PPI-related inhibition remains present. 




processing that reflect the interaction between membrane properties that are active passively and 
those that become active during sensory processing.  
Chapter 3 describes how stress may affect sensory processing in M-cell startle circuit.  
We found that the steroid hormone cortisol inactivates a voltage-sensitive conductance, thereby 
increasing input resistance and M-cell excitability. Inactivation of this cortisol-sensitive 
conductance occurs in conjunction with a reduction in auditory-evoked feedforward inhibition. 
PPI, however, is unaffected by cortisol. Together, cortisol increased responsiveness to auditory 
inputs without interfering with the conductances that mediate PPI. Given cortisol’s role in the 
response to environmental stressors and the importance of rapid escape behavior in fish, this 
mechanism provides a cellular mechanism by which goldfish can adapt and respond to stressful 
situations without sacrificing the potential benefits of PPI associated with sensory integration. 
Chapter 4 describes how serotonin 5a receptor subtype (5-HT5A) antagonists attenuate M-
cell excitability while having no effect on the cellular mechanisms that mediate PPI. The 
reduction in M-cell excitability by 5-HT5A antagonists is mediated by the activation of a 
conductance, presumably chloride. In behavior, startle probability was attenuated overall. 
Surprisingly, the decrease in baseline excitability had an additive effect on PPI, which leads to an 
apparent enhancement in PPI at the behavioral level. These results describe how a tonic decrease 
in excitability can combine with evoked inhibition during PPI to produce a misleading effect on 
PPI in behavior. 
Finally, the discussion section in Chapter 5 contextualizes our results within the broader 
framework of how excitation and inhibition are balanced during sensory processing to control 
behavior. In total, three goals were accomplished from this work. First, two voltage-sensitive 




and sensorimotor gating. Second, a cortisol-related mechanism for the modulation of sensory 
gain and startle latency was identified. Third, the functional role of 5-HT5A on startle plasticity 
was characterized. Together, the results of these studies provide an overview of the relationship 
between startle circuit hyperexcitability and sensorimotor gating as well as specific signaling 
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Figure 1: The 5-HT5A antagonist SB-699551 attenuates startle circuit excitability and reduces 






This research was supported by the National Science Foundation grant IOS 11471172 and by a 
grant from the Professional Staff Congress (PSC)-CUNY Research Reward Program issued to T. 
Preuss. This research was also supported by a Doctoral Student Research Grant (DSRG) from 
the Graduate Center issued to D. Bronson. Chapter 3 was previously published in Bronson, D. R. 
& Preuss, T. Cellular Mechanisms of Cortisol-Induced Changes in Mauthner-Cell Excitability in 
the Startle Circuit of Goldfish. Front. Neural Circuits 11, (2017). Chapter 4 includes data and 
figures from Curtin, P. C. P., Medan, V., Neumeister, H., Bronson, D. R. & Preuss, T. The 5-
HT5A Receptor Regulates Excitability in the Auditory Startle Circuit: Functional Implications for 






General Introduction  
A critical challenge for behavioral neurobiology involves the identification and 
characterization of the neuronal mechanisms underlying variable stimulus-response relationships 
(Fay and Tavolga, 2012; Koch and Schnitzler, 1997). Stimulus-evoked behaviors often vary in 
magnitude even when the stimulus remains constant due to changes in the sensory context within 
which the stimulus is presented. Due to the complexity of the processes that promote behavioral 
plasticity, the responsible cellular mechanisms are often studied in behaviors that involve 
relatively few neurons, such as the gill-withdrawal reflex in Aplysia (Byrne, 1985; Kandel, 1976; 
Strumwasser, 1971). Similarly, the acoustic startle circuit is a useful model for the study of 
behavioral plasticity as it consists of neurons that receive auditory information via direct 
projections from the 8th nerve as well as multiple modulatory inputs from forebrain and midbrain 
areas (Koch, 1999; Koch and Fendt, 2003). These inputs attenuate or potentiate startle in 
response to changes in emotion, learning and sensory inhibition (Davis et al., 1993; Groves and 
Thompson, 1970; Yeomans et al., 2006). Therefore, these relatively complex sensory processes 
can be studied by their effect on startle plasticity.  
The sensorimotor gating phenomenon prepulse inhibition (PPI) attenuates or gates the 
startle reflex during the early (20-1000 ms) stage of sensory processing. PPI is measured as the 
reduction in the response to a secondary stimulus (pulse), presumably while the information 
contained within a preceding stimulus (prepulse) is still being processed (Graham, 1975). PPI 
therefore selectively filters information to optimize detection of relevant stimuli. The importance 
of PPI to optimal sensory processing is supported by studies that link reduced PPI to many 




et al., 1978; Fendt and Koch, 2013; Swerdlow et al., 2008). Therefore, animal studies that model 
PPI may potentially reveal processes that contribute to and optimize sensory processing. 
Behavioral studies of PPI are limited in their ability to determine how the sensory 
information contained within the prepulse is processed since they usually do not evoke a 
behavioral response. PPI is typically studied using behavioral measurements due to the relative 
inaccessibility of the circuits that control PPI. However, purely behavioral measurements can 
only quantify the output of PPI, i.e., the attenuation of startle induced by the prepulse. This 
approach is limited in its ability to characterize how the information contained within the 
prepulse is processed as only the response to the pulse and attenuation due to prepulse are 
measured. Electrophysiological analysis, on the other hand, can address this problem because it 
allows quantification of the inputs associated with the response to both the prepulse and the 
pulse. Quantification of the inputs to the startle circuit during PPI is particularly important during 
pharmacology experiments wherein the treatment affects both the startle circuit and the pathways 
that mediate PPI. Therefore, this work aims to account for these issues by employing 
pharmacology and electrophysiology in the goldfish startle neuron, the Mauthner Cell (M-cell). 
To accomplish our objectives, this works seeks to characterize the interaction between M-cell 
conductances that are active at baseline and those that activate during PPI. 
 The first section of the introduction describes how sensory processing is studied in the 
startle response. We introduce three main research questions that our work will attempt to 
resolve. First, does the level of startle circuit excitability affect PPI? Second, what are the 
cellular mechanisms that contribute to the long-lasting inhibition associated with PPI? Third, to 




second section of the introduction describes the research methodology used to study these 
questions in the M-cell. 
I. Analysis of startle and PPI at the behavioral level 
Startle is a stereotyped and fast behavioral response that can be elicited by an abrupt 
stimulus. The startle reflex is an easily quantified behavioral measure that follows a consistent 
motor pattern, e.g., the eye-blink reflex in humans and the body-flinch in rodents (Hoffman and 
Ison, 1980; Koch, 1999). Startle can be elicited from stimuli of any sensory modality including 
auditory, visual and tactile (Koch, 1999; Landis and Hunt, 1939; Weiss et al., 2009). Acoustic 
startle is most commonly used as it can be elicited using the similar stimulus parameters in many 
species including rodents, humans and fish (Davis et al., 1993; Grillon et al., 1991; Koch and 
Schnitzler, 1997; Zottoli, 1977). This cross-species applicability of the acoustic startle response 
underlines the relatively direct and evolutionarily well-conserved acoustic startle pathway. This 
pathway consists of direct excitatory projections from the 8th nerve to the acoustic startle 
network (Bodian, 1952; Davis et al., 1982; Lin and Faber, 1988). Compared to more complex 
behaviors that involve more neurons, the form of startle remains relatively consistent even when 
the probability or amplitude is modulated (Fendt and Koch, 2013; Koch, 1999; Koch and 
Schnitzler, 1997). Therefore, startle is sensitive to the excitability of neurons in the startle circuit 
(Fendt and Koch, 2013; Koch, 1999). For example, startle amplitude in rodents is reduced by 
drugs that increase inhibition such as alcohol, while amplitude is increased by drugs that reduce 
inhibition such as strychnine (Grillon et al., 1994; Kehne et al., 1981; Koch and Friauf, 1995). 
Therefore, quantification of startle provides an accurate behavioral measure of neural activity 




 Relatively complex processes can be studied by their effect on the startle response. 
Emotional, learning and sensory processes have been shown to increase or decrease startle. For 
example, habituation is a basic form of learning that is quantified by the rate at which startle 
decreases when a stimulus is repeatedly presented (Groves and Thompson, 1970; Rankin et al., 
2009). Similarly, the level of fear-potentiated startle reflects the emotional response to a 
threatening stimulus (Davis et al., 1993; Grillon and Davis, 1997). These modifications are 
generally characterized as upstream processes that increase or decrease excitability in the startle 
circuit (Koch and Schnitzler, 1997). In some cases, these upstream processes can be affected by 
treatments independently of any direct effects on the startle circuit. For example, fear-potentiated 
startle can be attenuated by anxiolytic drugs at dose levels that have no effect on startle in the 
absence of fear (Davis et al., 1993; Hijzen et al., 1995). Therefore, the attenuation of the fear-
potentiated startle by these treatments can be linked to an anxiolytic effect rather than an effect 
on startle itself. However, treatments that influence both baseline startle as well as the upstream 
processes that modulate startle cannot be definitively linked to an effect on those processes. For 
example, the reduction in sensorimotor gating by alcohol cannot be interpreted as an effect on 
sensorimotor gating when baseline startle reactivity is also affected (Braff et al., 2001; Grillon et 
al., 1994). Therefore, the extent to which upstream processes can be characterized by their effect 
on startle depends on their independence from baseline startle reactivity. 
The independence of PPI to baseline startle reactivity is a critical challenge to 
characterizing PPI from behavioral measurements. PPI is measured as the reduction in startle to a 
stimulus (pulse) that is preceded by a prestimulus (prepulse) with a short (30 to 500ms) 
interstimulus interval (ISI) (Graham, 1975; Hoffman and Ison, 1980). The prepulse and pulse can 




employed to study PPI (Curtin et al., 2013; Neumeister et al., 2008; Swerdlow et al., 2006; 
Yeomans et al., 2006, 2010). PPI inhibits the startle reflex presumably to protect information 
contained within the prepulse from the disruption that occurs during startle (Graham, 1975). This 
hypothesis suggests that PPI is mediated by a descending inhibitory signal that modulates 
activity in the startle circuit and is functionally independent from excitability in the startle circuit 
itself. This assumption is often difficult to resolve in behavioral studies. On one hand, some 
treatments, such as the dopamine agonist apomorphine, have been shown to eliminate PPI 
without significantly affecting startle in the absence of the prepulse (Braff and Geyer, 1990; 
Swerdlow et al., 2000, 2008; Swerdlow and Geyer, 1993). On the other hand, treatments that 
modulate PPI while also affecting baseline startle cannot be interpreted as an effect on PPI per se 
(Csomor et al., 2008; Swerdlow et al., 2000; Yee et al., 2005). In these cases, the effect of the 
treatment on PPI is often ambiguous. For example, treatments that reduce startle in the absence 
of the prepulse may reduce PPI simply because the effect of the prepulse is masked by the 
overall reduction in startle, also known as a “floor” effect (Swerdlow et al., 2000). In this case, 
the increase in tonic inhibition in the startle circuit may combine with PPI to create an apparent 
reduction in PPI even when inhibition from PPI remains constant. These issues can be resolved 
using electrophysiology, which allows for separate quantification of startle circuit excitability 
and PPI (Curtin et al., 2013; Medan and Preuss, 2011; Neumeister et al., 2008).  
Measurement of startle circuit excitability and PPI will also help resolve a controversy 
regarding the extent to which these two phenomena are independent. This controversy arises due 
to evidence that PPI itself is sensitive to the level of inhibition and excitation in the startle circuit. 
For example, the increase in inhibition in the startle circuit that occurs due to habituation is 




Habituation trials in which the pulse is repeatedly presented reduces PPI, but repeated 
presentation of the lesser intensity, non-startle eliciting prepulse has no effect on PPI 
(Blumenthal, 1997). Since habituation only reduces PPI when baseline startle is reduced and not 
following conditioning to the prepulse, the results suggest that the effect on PPI was mediated by 
a reduction in baseline startle. In other words, a reduction in startle circuit excitability may 
reduce PPI. Conversely, increases in startle circuit excitability have been shown to reduce PPI 
such that the prepulse potentiates startle, a phenomenon known as prepulse facilitation (PPF). 
For example, individuals with Parkinson’s-induced startle hyperexcitability demonstrate PPF to 
stimuli that evoke PPI in age-matched controls (Schicatano et al., 2000). Similarly in rodents, 
lesions of the substantia nigra potentiate startle and promote PPF (Schicatano et al., 2000). 
Together, these results suggest that PPI is dependent upon the level of excitation and inhibition 
in the startle circuit. Our methodology allows characterization of the interaction between startle 
circuit excitability and PPI by quantifying the membrane properties that mediate tonic M-cell 
excitability in addition to cellular mechanisms that mediate PPI (Curtin et al., 2013; Medan and 
Preuss, 2011; Neumeister et al., 2008). Therefore, the first general question this research 
addresses is whether the level of excitability in the startle circuit modulates PPI. To accomplish 
this objective, baseline startle circuit excitability will be characterized in relation to the cellular 
mechanisms that mediate PPI.  
PPI involves multiple mechanisms that mediate inhibition at distinct time intervals. For 
example, studies in rodents and goldfish suggest that early (20-50 ms) PPI is mediated by glycine 
and GABAA receptor-mediated inhibition (Curtin and Preuss, 2015; Faber et al., 1989; Yeomans 
et al., 2010). However, PPI has been shown to persist for significantly longer durations (at least 




Granato, 2007). In rodents, PPI at later ISIs (greater than 100ms) involves the activation of 
muscarinic acetylcholine and metabotropic GABAB receptors (Jones and Shannon, 2000; 
Yeomans et al., 2010). A common effector mechanism for many metabotropic receptors 
including GABAB and muscarinic receptors is the activation of G protein-activated inward 
rectifying K+ (GIRK) channels (Chen et al., 2004; Misgeld et al., 1989; Zhang et al., 2002). 
However, the contribution of GIRK channels to PPI is not known. Using pharmacology and 
electrophysiology, a wide range of ISIs can be tested for ISI-specific effects (Curtin et al., 2013; 
Curtin and Preuss, 2015; Medan and Preuss, 2011). Therefore, our second research question is 
whether GIRK channels contribute to the long-lasting inhibition associated with PPI.  
Electrophysiological analyses may also provide insight into the extent to which PPI is 
modulated by prepulse-evoked, excitatory activity in the startle circuit. Behavioral studies of PPI 
are unable to quantify the response to the prepulse since they are typically below the threshold 
necessary to elicit a startle response (Braff et al., 2001). However, there is substantial evidence 
from studies in humans that PPI is sensitive to the salience of the information contained within 
the prepulse, which may reflect the prepulse-evoked response in the startle circuit. First, the 
onset of PPI corresponds with the time at which a stimulus is consciously detected and PPI trials 
in which the prepulse is not detected evoke less PPI (Graham, 1979; Norris and Blumenthal, 
1996). Second, more salient prepulses inhibit startle more strongly as higher intensity prepulses 
are associated with greater PPI (Blumenthal, 1996; Hoffman and Wible, 1970; Norris and 
Blumenthal, 1996; Reiter and Ison, 1977). Salience of the prepulse and in turn PPI can be 
voluntarily modulated as asking participants to attend to the prepulse increases PPI (Dawson et 
al., 1993; Filion et al., 1993). Manipulation of prepulse salience are challenging to replicate in 




salience through conditioning as reward and punishment alone decrease and increase baseline 
startle, respectively (Brown et al., 1951; Schmid et al., 1995). However, one study in rats found 
that PPI is increased when the prepulse signals that the conditioned stimulus will not be followed 
by a footshock (Röskam and Koch, 2006). These results suggest that the salience of the 
information contained within the prepulse plays an important role in determining PPI, although 
the responsible cellular mechanisms at the level of the startle circuit are not well understood.  
One interpretation that may account for the sensitivity of PPI to prepulse salience is that 
the prepulse evokes an excitatory response in the startle circuit that is typically overshadowed by 
the inhibitory effects of PPI. If so, we might expect that the inhibitory and excitatory effects of 
the prepulse could be differentially modulated. This is supported by the limited number of 
studies that employ prepulses of sufficient intensity to evoke a detectable eye-blink reflex (Yee 
et al., 2004; Yee and Feldon, 2009). These studies found that prepulse-evoked reactivity, which 
reflects an excitatory response to the high-intensity prepulses that are not typically measured, 
responds to certain drugs and neuropsychiatric conditions differently than prepulse-evoked 
inhibition (Yee et al., 2004; Yee and Feldon, 2009). However, the prepulse-evoked response may 
have an effect on the pulse-evoked response that is difficult to resolve from the startle behavior 
(Csomor et al., 2008; Yee et al., 2005). The electrophysiological recordings of the M-cell 
response to both the prepulse and pulse allows us to systematically analyze the input/output 
relationship between the response to the prepulse and PPI. Therefore, our third general question 
that motivates our research is the extent to which the startle circuit’s excitatory response to the 
prepulse contributes to PPI. Accordingly, modulation of M-cell excitability using pharmacology 
may reveal excitatory processes that mediate PPF that may be distinct from the inhibitory 




II. The Mauthner-cell startle circuit 
This research builds upon our understanding of the complex interaction between startle 
circuit excitability and PPI in a model for startle plasticity, the goldfish (Carassius auratus). The 
goldfish is an effective model system for behavioral pharmacology as well as in vivo intracellular 
recording and stimulation (Bronson and Preuss, 2017; Curtin et al., 2013; Curtin and Preuss, 
2015; Medan and Preuss, 2011, 2014; Neumeister et al., 2008). Goldfish have highly sensitive 
hearing suitable for the study of auditory-evoked responses and auditory-evoked startle (Braun 
and Grande, 2008; Curtin et al., 2013; Fay, 2009; Neumeister et al., 2008; Smith et al., 2004; 
Xiao and Braun, 2008). The teleost startle escape response (C-start escape) is controlled by an 
evolutionarily well-conserved startle circuit (Faber et al., 1991; Faber and Zottoli, 1981; Lin and 
Faber, 1988; Liu and Fetcho, 1999). The C-start is characterized by a rapid unilateral contraction 
of the spinal musculature in a characteristic C-shaped bend in response to an abrupt sensory 
stimulus (Zottoli, 1977). This behavior is controlled by two decision-making neurons known as 
Mauthner cells (M-cells) that integrate multimodal sensory input and send excitatory projections 
along the contralateral spinal cord (Faber et al., 1991; Faber and Korn, 1978). M-cell neurons are 
uniquely identifiable during in vivo electrophysiology due to the presence of a high resistance 
axon cap, which generates a distinct negative field (Faber and Korn, 1978; Furshpan and 
Furukawa, 1962).  In addition, a single action potential in either M-cell triggers the C-start. 
(Eaton et al., 1991; Liu and Fetcho, 1999). Therefore, there is a one-to-one relationship between 
M-cell excitability and C-start probability (Neumeister et al., 2008; Preuss and Faber, 2003). 
This relationship and the M-cell’s accessibility for in vivo electrophysiology makes this neuron 
well-suited to characterize the cellular mechanisms that mediate PPI. Accordingly, this research 




of synaptic activity that mediate the time-course of PPI (Curtin et al., 2013; Curtin and Preuss, 
2015; Neumeister et al., 2008, 2010; Whitaker et al., 2011). 
The time-course of M-cell PPI involves the time-dependent release of multiple inhibitory 
neurotransmitters, of which GABAA and glycine receptors play an important role. The early (20 
ms) inhibition consists of glycinergic feedforward inhibition that is sensitive to strychnine 
(Curtin and Preuss, 2015; Faber et al., 1989). PPI is strongest at 50 ms ISI and consists of both 
glycinergic feedforward inhibition and GABAA-mediated PPI (Curtin et al., 2013; Faber et al., 
1989). Therefore, GABA and glycine activate ionotropic receptors that increase chloride 
conductance and increase an inhibitory shunt during this duration (Hatta et al., 2001; Hatta and 
Korn, 1999; Lin and Faber, 1988). However, PPI has been shown to persist for significantly 
longer durations (at least 400ms in mammals and greater than 800 ms in zebrafish) (Braff et al., 
1978; Burgess and Granato, 2007). In rodents, PPI at later ISIs (greater than 100ms) is mediated 
by a combination of muscarinic and metabotropic GABAB receptors (Jones and Shannon, 2000; 
Yeomans et al., 2010). GABAB inhibition is mediated in part by activating inward rectifying 
potassium conductances (Chen et al., 2004; Misgeld et al., 1989). Therefore, we hypothesize that 
inward-rectifying potassium channels contribute to PPI at longer ISIs.  
PPI is known to act on at least two post-synaptic conductances. The prepulse activates an 
inhibitory shunt, thereby reducing excitability (Neumeister et al., 2008). The prepulse also 
activates a voltage-sensitive conductance (Medan and Preuss, 2011; Neumeister et al., 2008). 
Known voltage-sensitive M-cell conductances include an inward rectifying potassium 
conductance that is sensitive to dopamine via the D2 receptor (Curtin et al., 2013; Faber and 
Korn, 1986; Medan and Preuss, 2011; Neumeister et al., 2008). Dopamine has been shown to 




which could account for the long (50 to 500 ms) time course of PPI (Kim et al., 1995; Uchida et 
al., 2000). Alternatively, M-cells also express voltage-gated potassium channels that include the 
low-voltage activated channel Kv1.1 (Nakayama and Oda, 2004; Watanabe et al., 2014, 2017). 
Kv1.1 channels include PKA phosphorylation sites that could also be a potential target of 
dopamine, which also acts on a PKA-dependent pathway (Winklhofer et al., 2003). Therefore, 
our first specific research question is whether PPI is mediated by a potassium conductance, and if 
it is G-protein coupled receptor inwardly rectifying or voltage-gated. 
In addition to its potential role in mediating the effect of dopamine on PPI, the 
inactivation of an inward rectifying conductance is also a potential cellular mechanism for the 
effects of serotonin. Serotonin has been shown to reduce prepulse-evoked feedforward 
inhibition, which contributes to an early component of the PPI time-course. Specifically, the 
serotonin 2A subtype receptor antagonist ketanserin reduces feedforward inhibition reducing 
activity in pre-synaptic PHP neurons (Whitaker et al., 2011). Post-synaptically, serotonin 
inactivates an inward rectifying potassium conductance that increases M-cell excitability (Mintz 
and Korn, 1991). Serotonin subtype receptors expressed post-synaptically include the 5-HT5A 
and 5-HT6 (Whitaker et al., 2011). Therefore, our second specific research question whether PPI 
is mediated by the 5-HT5A receptor.  
 The biological-relevance of changes in M-cell activity remains an important question. 
The M-cell action potential triggers the C-start escape response, which is a critical survival 
behavior (Eaton et al., 1988; Weiss et al., 2006). There is selective pressure for rapid, but 
appropriate, C-starts as there is an indirect relationship between latency and probability of 
survival (Walker et al., 2005). Therefore, adaptive changes in M-cell activity that occur under 




cichlids that express a more brightly colored dominant phenotype exhibit increased M-cell 
excitability and reduced feedforward inhibition (Neumeister et al., 2010). We have shown that 
socially inactive subordinate male cichlids show reduced PPI (Neumeister et al., 2017). 
Subordinate status has been linked to increased cortisol levels and cortisol levels peak within 
minutes of exposure to stressors including predators (Bonga, 1997; Flik et al., 2006; Fox et al., 
1997). Cortisol has also been shown to acutely increase activity in circuits that control 
vocalizations in midshipman fish (Remage-Healey and Bass, 2004). Therefore, one possibility 
for the reduced PPI following stress is that the circuits that control startle and PPI are sensitive to 
stress. Therefore, our third specific research question is whether cortisol acutely regulates 
excitability in the startle circuit and modulates PPI.  
III. Research goals and specific aims 
 The goal of this research is to understand the cellular mechanisms that contribute to 
startle circuit excitability and PPI. Broadly, our approach investigates the relationship between 
activity in the M-cell circuit and measurements of PPI at the behavioral level. In addition, we 
characterize the extent to which PPI is sensitive to changes in overall excitation and inhibition. 
Finally, our research also examines the cellular mechanisms that mediate the excitatory response 
to the prepulse in the M-cell startle neuron, which is typically inaccessible in behavioral PPI 
studies. These general questions provide a theoretical framework for interpreting experiments in 
the goldfish M-cell preparation.  
Our experiments employ pharmacology and electrophysiology to study the membrane 
properties that mediate M-cell excitability and PPI. Accordingly, our methodology consists of a 
series of three experiments that characterize specific channels and pathways that modulate startle 




tested by blocking two functionally distinct potassium channels: the G protein-coupled inwardly-
rectifying potassium channel (GIRK) subunit 1 (Kir3.1) and the voltage-gated Kv1.1. Second, 
the effect of the serotonin subtype receptor 5a is studied for changes in startle circuit excitability 
and PPI using the antagonist SB-699551. Finally, the involvement of cortisol in the regulation of 
excitability and PPI in the startle circuit is tested. 
Specific Aim I (Chapter 2): To quantify the contribution of voltage-sensitive potassium 
conductances to baseline M-cell excitability and PPI 
In this study, we employed specific potassium channel blockers to characterize the role of 
potassium conductances in mediating PPI in the M-cell. M-cell excitability is regulated by an 
inward-rectifying potassium conductance that increases input resistance when the M-cell is 
depolarized (Faber and Korn, 1986). PPI is mediated by the activation of a voltage-sensitive 
conductance with similar activation properties, which raises the possibility that PPI activates an 
inhibitory potassium conductance (Curtin et al., 2013; Medan and Preuss, 2011; Neumeister et 
al., 2008). In addition, PPI is attenuated by the administration of dopamine, which is thought to 
activate a potassium conductance via G protein signal transduction (Kim et al., 1995; Medan and 
Preuss, 2011; Pereda et al., 1994; Uchida et al., 2000). Here, we tested whether PPI is mediated 
by the G protein coupled inwardly rectifying potassium channel (GIRK) subunit 1 (Kir3.1). In 
addition to its effect on GIRK channels, dopamine has also been shown to potentiate synaptic 
excitability by PKA. The M-cell expresses voltage-gated potassium channels including Kv1.1, 
which have been shown to express PKA phosphorylation sites (Watanabe et al., 2014, 2017; 
Winklhofer et al., 2003). The experiments, presented in chapter 2, tested the hypothesis that 1) 
blocking inward rectifying potassium conductances will reduce PPI. 2) blocking Kv1.1 will 




Specific Aim II (Chapter 3): To characterize the modulation of startle circuit excitability by the 
stress hormone cortisol.  
The goldfish C-start escape response is a critical survival behavior, (Eaton et al., 1988; 
Weiss et al., 2006). There is selective pressure for rapid, but appropriate, C-starts as latency and 
performance are significant determinants of the probability of evading predation and survival in 
many species (Lankford et al., 2001; Swain, 1992; Walker et al., 2005). The steroid hormone 
cortisol exhibits many characteristics that make it a suitable candidate for mediating adaptive 
changes in startle. Cortisol reaches virtually areas of the brain and has been shown to peak within 
minutes of exposure to stressors (Bonga, 1997; Flik et al., 2006; Makara and Haller, 2001). 
Stressors that are thought to increase C-start responsiveness include increased perceived threat 
from predators (Domenici, 2010; Fischer et al., 2014, 2015) and alarm substance (Speedie and 
Gerlai, 2008). Therefore, M-cell excitability may be sensitive to cortisol administration. In 
addition, M-cell activity in male cichlids is socially regulated as dominant and subordinate 
phenotypes exhibit different startle rates and PPI (Neumeister et al., 2010, 2017). Social 
phenotype also determines the release and plasma concentration of steroid hormones including 
cortisol (Fox et al., 1997; Maruska and Fernald, 2010). Cortisol exerts control of various steroid-
sensitive networks including those that control courtship behavior, vocalizations and 
sensorimotor gating (Remage-Healey and Bass, 2004; Rose et al., 1995, 1998). Therefore, we 
tested whether cortisol mediates sensorimotor gating and M-cell excitability. Our specific 






Specific Aim III (Chapter 4): To characterize the role of the 5-HT5A subtype receptor in 
modulating startle behavior and PPI. 
In this study, we tested whether a previously uncharacterized serotonin subtype receptor 
5-HT5A mediates startle plasticity in the goldfish. It was previously demonstrated that the 5-HT2A 
antagonists act pre-synaptically to reduce prepulse-evoked feedforward inhibition, which 
contributes to an early component of the PPI time-course (Whitaker et al., 2011). Serotonin 
subtype receptors expressed post-synaptically include the 5-HT5A and 5-HT6 (Whitaker et al., 
2011). In addition, serotonin inactivates an inward rectifying potassium conductance that 
increases M-cell excitability (Mintz and Korn, 1991). Here, we tested whether 5-HT5A receptors 
mediate the later time-course associated PPI, potentially via an inward rectifying potassium 
conductance. In addition, the functional role of 5-HT5A -receptors was also tested on startle and 
PPI behavior. These experiments, presented in chapter 3, therefore tested whether 1) 5-HT5A acts 






"Activation of a G Protein-Coupled Inwardly Rectifying K+ Channel Contributes to PPI in the 
Goldfish Startle Network" 
by 





Prepulse inhibition (PPI) is a long lasting (20-1000 ms) sensorimotor gating phenomenon that 
limits input to the startle circuit via several inhibitory pathways. For example, there is evidence 
that PPI is mediated by the activation of a potassium current, although this has not been directly 
tested (Curtin et al., 2013; Medan and Preuss, 2011; Yeomans et al., 2010). In this study, we 
used in vivo electrophysiology in the goldfish startle circuit and pharmacology to determine 
whether PPI is mediated by the voltage-gated potassium channel Kv1.1 and the inward-rectifying 
potassium channel Kir3.1. Thus, the subunit-specific Kv1.1 antagonist Dendrotoxin-K (DTX-K 
10 nM, n=10) or the Kir3.1 channel blocker Tertiapin-Q (TPNQ, 2 µM, n=9) were superfused 
onto the medulla. Current injections into the neuron that triggers startle, the Mauthner-cell (M-
cell), revealed that blocking Kv1.1 or Kir3.1 inactivated two distinct voltage-sensitive 
conductances, both of which increased excitability and reduced threshold current. In addition, 
both treatments had distinct effects on auditory-evoked post synaptic potentials (PSPs). Blocking 
Kv1.1 with DTX-K delays repolarization of the PSP and significantly increases a slow response 
to sound associated with a residual PSP. DTX-K affected the relationship between the residual 
PSP and sound intensity by potentiating the response to louder sounds (GLMM, N=9, 
F(1,95)=4.66, p = .001). Although the residual PSP overlapped with pulse PSP in PPI trials, there 
was a concurrent increase in PPI (GLMM, F(1,96) = 11.6, p = 0.001, N=9). In contrast, blocking 
Kir3.1 attenuates PPI at longer ISIs between 150 ms and 500 ms ISI. This suggest that the 
activation of Kir3.1 mediates a long-lasting inhibition that contributes to PPI. The coupling of 
Kir3.1 suggests the involvement of a G-protein signal transduction for PPI, which is a novel 




suggests a potential feedback mechanism that preserves sensorimotor gating when tonic 





Startle is a fast-twitch behavioral response that occurs in response to an abrupt and/or 
intense auditory, visual or tactile stimulus. Startle is thought to serve a protective function by 
bracing for an incoming collision, e.g., the eye-blink reflex in humans, and/or preparing for an 
escape, e.g. the body-flinch in rodents (Hoffman and Ison, 1980; Koch, 1999). Although 
reflexive and reliably elicited, startle is modified by arousal, attention, emotion as well as other 
sensory stimuli via sensorimotor gating (Koch, 1999; Koch and Schnitzler, 1997). The 
operational measure of sensorimotor gating is prepulse inhibition (PPI), wherein a stimulus 
(prepulse) briefly attenuates the response to a secondary stimulus (pulse) (Graham, 1975; 
Hoffman and Ison, 1980). PPI is a pre-attentive process that filters sensory input while the 
information contained within the prepulse is processed (Graham, 1975). Therefore, PPI prevents 
the disruption of information processing and optimizes processing of salient stimuli. The 
importance of this optimization to sensory processing is supported by studies that link PPI to the 
etiology of schizophrenia, an information processing disorder for which potential treatments are 
screened for their ability to increase PPI (Braff et al., 1978; Fendt and Koch, 2013; Kumari and 
Sharma, 2002; Swerdlow et al., 2008). However, the cellular mechanisms that mediate PPI are 
not fully understood.  
There is substantial evidence that PPI is mediated by multiple inhibitory receptor 
mechanisms that activate during distinct time intervals of the PPI time-course. For example, 
studies in rodents and goldfish suggest that early (20-50 ms) PPI is mediated by the release of 
glycine and GABAA (Curtin and Preuss, 2015; Faber et al., 1989; Yeomans et al., 2010). 
However, PPI has been shown to persist for significantly longer durations (at least 400ms in 




In rodents, PPI at later ISIs (greater than 100ms) involves the activation of muscarinic 
acetylcholine and metabotropic GABAB receptors (Jones and Shannon, 2000; Yeomans et al., 
2010). A common effector mechanism for metabotropic receptors including GABAB and 
muscarinic acetylcholine receptors is the activation of G protein-activated inward rectifying K+ 
(GIRK) channels (Chen et al., 2004; Misgeld et al., 1989; Zhang et al., 2002). However, the 
contribution of GIRK channels to PPI is not known. In this study, we characterized whether the 
GIRK1, also known as Kir3.1, contributes to PPI in the goldfish startle neuron, the Mauthner cell 
(M-cell). 
The M-cell’s role as the sensorimotor gating interface and its accessibility for in vivo 
electrophysiology provide an effective model to study the cellular mechanisms that mediate PPI 
(Curtin et al., 2013; Curtin and Preuss, 2015; Medan and Preuss, 2011; Neumeister et al., 2008). 
The M-cell receives direct projections from inner ear hair cells via 8th nerve afferences that 
converge onto the distal lateral dendrite (Bodian, 1952; Lin and Faber, 1988a; Pereda et al., 
2003). A single action potential in either M-cell triggers the startle response and there is a one-
to-one relationship between M-cell excitability and C-start probability (Eaton et al., 1981; Faber 
et al., 1989; Fetcho, 1991, 2009; Neumeister et al., 2008; Nissanov et al., 1990; Preuss and 
Faber, 2003; Zottoli, 1977). In addition, M-cell neurons are uniquely identifiable during in vivo 
electrophysiology due to the presence of a high resistance axon cap, which generates a distinct 
negative field (Faber and Korn, 1978; Furshpan and Furukawa, 1962). Therefore, we used 
intracellular recording and stimulation in the M-cell to determine whether Kir3.1 channels 
mediate PPI. 
PPI in the M-cell is mediated post-synaptically by the activation of an voltage-sensitive 




al., 2013; Medan and Preuss, 2011; Neumeister et al., 2008). Indeed, intracellular administration 
of GTP acts on two modulatory pathways, which include a cAMP-independent pathway that 
presumably activates K+ channels (Pereda et al., 1994). One possible target of the cAMP-
independent effect of GTP is the G-protein coupled Kir3.1 channel (Hibino et al., 2010; Kurachi 
et al., 1986). The Kir3.1 subunit has been shown to be coupled with inhibitory GABAB receptors 
that mediate the inhibitory post-synaptic conductance by GABAB  (Chen et al., 2004; Misgeld et 
al., 1989). In rodents, GABAB has been shown to mediate a long-lasting inhibition that 
contributes to PPI (Yeomans et al., 2010). To determine whether Kir3.1 mediate PPI, the Kir3.1-
selective blocker Tertiapin-Q (TPNQ) was administered directly on the M-cell via bath solution. 
TPNQ is derived from honey bee venom and functions to block Kir 3.1 by blocking the 
potassium pore (Jin et al., 1999). Accordingly, we hypothesized that TPNQ will prevent the 
activation of the inwardly-rectifying potassium conductance that is activated during PPI, 
therefore reducing PPI.  
We also tested whether PPI involves the activation of another voltage-sensitive potassium 
channel; the low-voltage activated potassium channel Kv1.1. Kv1.1 channels have been linked to 
numerous sensory pathways, including processes involved in sound localization, startle circuit 
excitability, and prepulse inhibition (Allen et al., 2008; Allen and Ison, 2012; Fisahn et al., 
2011). In goldfish and zebrafish M-cell, Kv1.1 channels are expressed and post-synaptically 
modulate M-cell excitability and threshold current (Brew et al., 2003; Brewster and Ali, 2013; 
Watanabe et al., 2014, 2017). To test whether these channels also mediate PPI, we administered 
the Dendrotoxin-K (DTX-K). The dendrotoxins were derived from venom of the eastern green 
mamba snake and have been shown to target a wide array of voltage-gated potassium channels 




and blocking Kv1.1 reduces M-cell threshold current in goldfish and zebrafish (Johnston et al., 
2010; Watanabe et al., 2014, 2017). Therefore, we tested the hypothesis that blocking Kv1.1 
would reduce PPI.  
Methods  
Subjects. (N=18) Adult goldfish (Carassius auratus) of either sex purchased from Ozark 
Fisheries (Stoutland, MO) were used in this study. Fish measured 7-10 cm in body length and 
were housed in groups of 4-10 in rectangular plexiglass holding tanks (30 x 30 x 60 cm; 95 L). 
Tanks received recirculating water maintained at 18°C and conditioned as described previously 
(Szabo et al. 2006). Ambient light was set to a 12 h light/dark photoperiod.  
Pharmacology. The control condition consisted of a bath solution consisting of saline (modified 
Cortland’s solution, in mM: 124.0 NaCl, 5.1 KCL, 2.8 monobasic NaH2PO4H2O, 0.9 anhydrous 
MgSO4, 20.0 HEPES, 1.6 CaCl2.2H2O, 5.6 dextrose buffered to 7.2 pH) superfused directly onto 
the exposed medulla via a stainless steel ball-tipped perfusion needle that was stabilized above 
the brain and attached to a syringe via a 0.1 mm diameter plastic cannula. After baseline 
measurements in the control condition, the bath solution was replaced with either DTX-K 
(Dendrotoxin-K, Sigma Aldrich) or TPNQ (Tertiapin-Q) dissolved in 20 mL solution consisting 
of saline at a final drug concentration of 10 nM and 2 µM, respectively (N=18). Superfusion by 
bath application is a well-established method to assess drug effects on M-cell activity (Curtin and 
Preuss, 2015; Medan and Preuss, 2011; Pereda et al., 1992) (Bronson and Preuss, 2017), and 
their effects in the physiology have been successfully linked to changes in startle behavior 
(Curtin et al., 2013). The TPNQ concentration employed in our study (2 µM) was higher than 
reported in a comparable study of the PPI in the rodent startle circuit (32 nM; (Bosch and 




the level of the M-cell due to the effects of the diffusion gradient (Pereda et al., 1992). The DTX-
K concentration used in this study (10 nM) was on the low end of the concentrations of 
dendrotoxins used in similar studies in the goldfish and zebrafish M-cell (10 nm to 1 µM) 
(Brewster and Ali, 2013; Nakayama and Oda, 2004; Watanabe et al., 2014, 2017).   
Electrophysiology. In vivo surgery and electrophysiological recording was performed as 
previously described (Bronson and Preuss, 2017; Curtin et al., 2013; Medan and Preuss, 2011). 
Briefly, subjects were immersed in ice water for 15 min before surgical procedures. The opioid 
agonist fentanyl (1mg/kg) was injected IM as an analgesic at dosages similar to or less than those 
that have demonstrated no effect on auditory processing (Cordova and Braun, 2007; Neiffer and 
Stamper, 2009). Subjects were then placed in the recording chamber, stabilized with steel pins on 
each side of the head, and ventilated through the mouth with recirculating, aerated conditioned 
water at 18°C. The recording chamber was mounted inside an opaque, thin-walled tank filled 
with temperature controlled (18°C) saline covering the fish body up to the midline. Next, the 
spinal cord was exposed with a small lateral incision at the caudal midbody. Bipolar electrodes 
were placed on the spinal cord to transmit low-intensity (5–8 V) electrical stimulation generated 
by an isolated stimulator (Digitimer). Antidromic activation of the M-cell axons was confirmed 
by a visible muscular contraction (twitch). Subjects were then injected intramuscularly with D-
tubocurarine (1 µg/g body weight; Abbott Laboratories). A small craniotomy was performed, 
and the medulla was exposed for intracellular recording. Antidromic stimulation produces a 
negative potential in the M-cell axon cap (typically 15–20 mV) that unambiguously identifies the 
axon hillock and allows intracellular recordings from defined locations along the M-cell soma–
dendritic membrane (Faber et al., 1989; Furukawa and Ishii, 1967). Sharp electrodes were 




which occur with a latency of approximately 30-40 µs in response to antidromic stimulation. 
Intracellular recording of M-cell responses to sound stimuli were acquired using an Axoprobe-
1A amplifier (Molecular Devices) in current-clamp mode with sharp electrodes (6–9 MΩ) filled 
with 5 M potassium acetate (KAc) buffered in Ph-balanced saline. Recordings were stored online 
with a Macintosh G5 computer using a data acquisition card (PCI-E; National Instruments) 
sampling at 25 kHz. Sound stimuli consisted of single-cycle sound pips (200 Hz) produced by a 
function generator (Agilent 33210A) connected to a shielded subwoofer (Behritone C50A; 
Behringer) located 30 cm from the recording chamber. Reported dB values are presented at 
reference values in air of 20 µPa, which corresponds to the human hearing threshold. Sound 
stimuli were recorded with a microphone placed within 10 cm of the fish’s head. Values from 5 
individual traces from each stimulus condition were averaged and used for analysis, except in the 
case of the step command current injection, which were less noisy and therefore 3 individual 
traces were used.  
The effect of the treatments on M-cell membrane properties including threshold current 
and input resistance (Medan and Preuss, 2011; Neumeister et al., 2008) was studied by injecting 
current ramps via a second intrasomatic electrode (KAc in buffered saline; 5–8 MΩ) while 
maintaining the voltage recordings. A function generator (model 39; Wavetek) was used to 
regulate current injection, producing a positive current ramp (0–240 nA/20 ms). A compensation 
circuit built in the Axoprobe-1A amplifier eliminated crosstalk between the electrodes. Current–
voltage (I/V) relationships were measured without sensory stimulation or with an auditory 
prepulse (200 Hz, 76 dB) preceding current injection by 20, 50, 100,150, 200, 300, 400 or 
500ms. After assessment of baseline conditions, treatments were administered either directly 




45 mins after administration. Resting membrane potential (RMP) was continuously monitored to 
ensure stable recording conditions and/or possible effects of the treatments. A typical experiment 
lasted 4-5 h.  
All experiments followed guidelines and approved protocols of the Hunter College (City 
University of New York) Institutional Animal Care and Use Committee. Data were analyzed 
with SPSS 23 (IBM), graphs were made with JMP 12.0 (SAS Institute) and figures of traces 
were created in Igor Pro (version 5.03; Wavemetrics). Data presented in figures describe mean 
values, and error bars illustrate mean standard error (SEM). The Shapiro-Wilk test was used to 
confirm that datasets met assumptions of normality. 
Statistical Analysis. Hypothesis testing was performed using matched t-tests before and after 
treatments, with a significance threshold of 0.05, ɑ=0.05. Significance of correlations were 
calculated using the Pearson correlation coefficient, with difference between correlations 
calculated using a Fisher z-transformation. Sound intensity-dependent effects of the treatment 
was analyzed using a generalized linear mixed model (GLMM) with subjects as repeated 
measures, sound intensity (ISI20 ms, ISI50 ms, ISI100 ms, ISI150 ms, ISI200 ms, ISI300 ms, 
ISI400 ms, ISI500 ms) and treatment (saline, DTX-K or TPNQ) conditions as factors, and the 
change in threshold current was the dependent variable. The effect of the treatment on PPI was 
analyzed using a generalized linear mixed model (GLMM) with subjects as repeated measures, 
with sound intensity (58, 66, 73.5, 76, 82, or 85.5 dB) and treatment (saline, DTX-K or TPNQ) 
conditions as factors, and PSP magnitude was the dependent variable. The effect of the treatment 
on PPI was also analyzed using a GLMM with subjects as repeated measures, interstimulus 
interval (ISI20 ms, ISI50 ms, ISI100 ms, ISI150 ms, ISI200 ms, ISI300 ms, ISI400 ms, ISI500 




dependent variable. These analyses were followed-up with Bonferonni corrected post-hoc tests, 
when indicated.  
Results 
Effect of the Kir blocker TPNQ on M-cell sound response  
The M-cell receives di-synaptic inputs from inner ear hair cells via 8th nerve afferences 
that converge onto the distal lateral dendrite via mixed electric (gap junctions) and chemical 
synapses (Bodian, 1952; Lin and Faber, 1988a; Pereda et al., 2003). These inputs contribute to 
distinct and overlapping temporal components of the sound-evoked post-synaptic potential (PSP) 
(Korn and Faber, 2005; Preuss and Faber, 2003; Szabo et al., 2006; Weiss et al., 2009). 
Specifically, the initial M-cell PSP (<5 ms after sound onset) consists exclusively of electrotonic 
coupling potentials (defined as electrotonic PSP in Figs. 1A and 1B) whereas later parts of the 
PSP include additional chemical excitatory (glutamatergic) and inhibitory (glycinergic) 
components (defined as mixed PSP in Figs. 1A and 1C; (Curtin and Preuss, 2015; Szabo et al., 
2006). In addition, there is a long-lasting residual PSP that persists for at least 50ms after 
stimulus offset and is produced by an interaction of pre- and postsynaptic electronic coupling 
potentials (Figs 1A and 1D;  (Medan and Preuss, 2011; Szabo et al., 2006), see also Discussion).   
The first series of experiments (N=9) tested the effect of the inward rectifying K+ (Kir) 
blocker Tertiapin-Q (TPNQ, 2 µM) on M-cell PSPs in response to sound pips of different 
intensities (58, 66, 73.5, 76, 82, or 85.5 dB). PSPs were recorded in the M-cell soma in response 
to a sound pip before and after superfusing TPNQ onto the surface of the medulla. Averaged 
(n=5) PSP traces before (black) and after TPNQ (red) are shown in Fig 2A. TPNQ reduced the 




electrotonic PSP after treatment (GLMM, F(1,94)=106.51, p < .001, N=8, Fig 1B). TPNQ 
attenuated the electrotonic PSP to all but the lowest intensity stimuli, (*Bonferroni corrected p < 
.05). TPNQ also produced a small reduction in the mixed PSP (GLMM, F(1,94)=21.08, p < .001, 
N=9, Fig 1C); however, the attenuation here was less consistent across stimulus intensities when 
compared to the electrotonic PSP. TPNQ reduced peak amplitude of the mixed PSP to the 
highest and third highest intensity stimulus stimuli only (85.5 and 76 dB, respectively, 
Bonferroni corrected p < .05). In contrast to the electrotonic and mixed PSP, TPNQ significantly 
potentiated the residual PSP across all stimulus intensities (GLMM, N=9, F(1,94)=105.63, p < 
.001, Fig 1D, *Bonferroni, p < .05).  
Effects of TPNQ on M-cell excitability 
The reduction in peak amplitude of the electrotonic PSP by TPNQ suggests a either a 
decrease in pre-synaptic activity and/or an increase in post-synaptic input resistance (Rin). The 
effect TPNQ on the M-cell Rin was directly measured by injecting positive current pulses (10 nA 
increments; 20ms duration) while recording membrane voltage with a second electrode (N=7).  
Figure 2A shows that averaged (n=3) membrane depolarizations evoked by square pulses of 20, 
40, 80, 100 and 120 nA increased after  drug treatment (red taces). Consistently, the slope of the 
resulting I/V plots (i.e., the input resistance, Fig. 2B) was increased following TPNQ (Mean 
Control = 115.8 ± 1.98 kΩ, Mean TPNQ = 122.6 ± 2.54 kΩ, t(6)=2.55, p = 0.0438, paired t-test; 
Fig 2C). TPNQ had no effect on the M-cell resting membrane potential (Mean RMP Control = -





Kir channels are characterized by inward rectification, which allows increased current 
flow when membrane potential is below the reversal potential of potassium inward and 
decreased current when above (Isomoto et al., 1997; Sakmann and Trube). To find the membrane 
potential at which TPNQ-sensitive currents rectify, we calculated the rate of repolarization (i.e., 
the membrane decay) in response to depolarizing square pulses (-100 to +180 nA; 20 ms) before 
and after treatment (Fig 2D). The membrane decay was defined as the decay of an evoked 
membrane depolarization to 1/e of its initial value. The membrane decay was greater to 
membrane depolarizations than to  hyperpolarizations (Fig 2E; Pearson’s r, N=7, Control: r(167) 
= -0.17, p=0.0215, R2 = 0.031,  TPNQ: r(131) = -0.42, p < .0001, R2 = 0.219). However, the 
slope of the correlation between the membrane constant and injected current was significantly 
more negative after blocking Kir (Fisher transformation, z = 2.34, p = 0.0193). 
We assessed the functional contribution of this inward-rectifying current to previously 
described voltage-dependent conductances that regulate M-cell excitability. As mentioned 
previously, M-cell excitability is increased by the inactivation of voltage-dependent 
conductances that include potassium when the M-cell is depolarized approximately 5 mV above 
RMP and promote the summation of dendritic PSPs (Curtin et al., 2013; Faber and Korn, 1986; 
Medan and Preuss, 2011; Neumeister et al., 2008). Accordingly, the effect of TPNQ on voltage-
dependent M-cell membrane excitability was quantified by injecting a 20 ms positive current 
ramp (N=7). The current ramp allows quantification of threshold current and changes in voltage-
dependent input resistance across a range of membrane voltages (Bronson and Preuss, 2017; 
Curtin et al., 2013; Medan and Preuss, 2011; Neumeister et al., 2008). The effect of TPNQ on 
M-cell voltage-sensitive conductances (compare black solid and dotted lines in Fig 3A) was 




(Depolarized Rin, Figure 3D) before (black) and after the administration of TPNQ (red). TPNQ 
increased input resistance near RMP (Baseline Rin) (Mean baseline Rin control, = 84.3 ± 5.9 kΩ, 
Mean baseline Rin TPNQ = 114.7 ± 8.1 kΩ; paired t-test, t(6) = 5.12, p=0.0022, N=7, Fig. 3B). 
For the Depolarized Rin measurements, Rin was calculated at 2 mV below AP threshold in the 
TPNQ condition since AP threshold was reduced by the treatment (Fig 3A). TPNQ had no effect 
on Depolarized Rin (mean Depolarized Rin control = 106.5 ± 8.7 kΩ,, mean Depolarized Rin 
TPNQ = 119.7 ± 10.4 kΩ; paired t-test, t(6) = 1.58, p = 0.17, N=7, Fig. 3C), i.e., the input 
resistance in the depolarized state was the same. We also quantified the membrane nonlinearity 
by calculating the relative change in Rin or Depolarized Rin / Baseline Rin. TPNQ reduced the 
membrane non-linearity such that the relative change in Rin near 1 (i.e., the input resistance was 
linear) (mean relative change in Rin control = 1.26 ± 0.03, mean relative change in Rin TPNQ = 
1.04 ± 0.05; paired t-test, t = 4.32, p = 0.0050, N=7, Fig 3D). Figure 3E shows single traces from 
membrane potentials recorded during current ramp injections before (black) and after the 
administration of TPNQ (red). TPNQ reduced the threshold current by 35.9 ± 3.94% (mean 
threshold current control: 171.6 ± 13.3 nA, mean threshold current TPNQ: 109.1 ± 9.7 nA; 
paired t-test, t(6) = 6.98, p =0.0004, N=7, Fig. 3E). In addition, TPNQ reduced absolute 
threshold by 4.8 ± 1.2 mV (mean absolute threshold control: -65.2 ± 1.2 mV; mean absolute 
threshold TPNQ: -70.1 ± 0.97 mV, paired t-test, t(6) = 4.03, p = 0.0069, N=7, Fig 3F).  
Effects of TPNQ on PPI 
The Kir3.1 channel is coupled to GABAB – mediated receptors, which contribute to a late 
(>300 ms) phase of sensorimotor gating in rodents (Chen et al., 2004; Misgeld et al., 1989; 




sensitive conductance that is thought to be inwardly-rectifying (Curtin et al., 2013; Faber and 
Korn, 1986; Medan and Preuss, 2011; Neumeister et al., 2008). We tested whether this 
conductance is TPNQ-sensitive by presenting a current ramp at eight time-intervals (20, 50, 100, 
150, 200, 300, 400, 500 ms) after the onset of a sound prepulse stimulus (N=7). Single traces 
before (black) and after (red) treatment with TPNQ are shown in Figure 4A. Particularly for 
short prepulse lead-times, the onset of the ramp overlapped with a residual PSP (Fig 4A Bracket, 
Fig 4B). The underlying current associated with the residual PSP reduces the amount of current 
necessary to bring the M-cell to threshold during prepulse trials. Therefore, our current injections 
underestimate threshold current in prepulse conditions and overestimate PPI.  The current 
underlying the residual PSP was calculated using I/V curves generated from averaged (n=5) 
traces from no-prepulse trials that immediately preceded the averaged (n=5) traces from prepulse 
trials. This current offset was added to threshold current measurements during prepulse 
conditions.  
Fig 5A shows four single traces of the membrane response in trials without a prepulse 
(straight lines) and trials with preceding prepulse of 100 ms ISI, before (black) and after (red) 
TPNQ to 20 ms current ramps of 250 nA and 100 nA, respectively. Fig 5B shows I/V plots from 
four averaged (n=3) traces in all four conditions. PPI was quantified as the symmetric ratio of the 
threshold current in the prepulse condition over the threshold current in the non-evoked 
condition (100 – (Threshold No Prepulse Condition) / (Threshold Prepulse Condition) * 100).  
TPNQ significantly reduced PPI overall (GLMM, F(1,95) = 38.8, p < 0.001, N=7, Fig 5C). Post-
hoc comparison revealed a significant reduction in PPI at 100 to 500 ms ISI (*= Bonferroni 
corrected p < .05; N=7). These results suggest that TPNQ-sensitive Kir3.1 channels mediate a 




mediate PPI in the M-cell include the activation of a voltage-sensitive conductance that 
linearizes the I/V curve relative to no prepulse trials (Medan and Preuss, 2011; Neumeister et al., 
2008). We demonstrated in the current injections trials without prepulses that TPNQ increased 
baseline M-cell excitability and linearizes the I/V curve, presumably in blocking a voltage-
sensitive conductance that is otherwise active at RMP and inactivates when depolarized. We 
tested whether the inactivation of this voltage-sensitive conductance by TPNQ mediates the 
reduction in PPI by measuring the prepulse-evoked change in input resistance in the depolarized 
state. We measured the change in input resistance in the depolarized state as the symmetric ratio 
of Rin in the prepulse condition over the threshold current in the non-evoked condition (100 – 
(Threshold No Prepulse Condition) / (Threshold Prepulse Condition) * 100). TPNQ attenuated 
the effect of the prepulse on input resistance overall (GLMM, F(1,95) = 6.81, p = 0.011, N=7, 
Fig 5D). Post-hoc comparisons revealed a significant reduction in PPI at 500 ms ISI (*= 
Bonferroni corrected p < .05; N=7). Together, these results indicate that the prepulse activates a 
relatively slow and long-lasting inhibition by activating a voltage-sensitive conductance that is 
blocked by TPNQ.  
Effects of the Kv1.1 channel blocker Dendrotoxin-K on M-cell excitability  
Kv1.1 channels are expressed in the M-cell  and functionally modulate M-cell excitability 
and threshold current (Brew et al., 2003; Brewster and Ali, 2013; Watanabe et al., 2014, 2017). 
We tested the effect of DTX-K (10 nM) on M-cell PSPs (N=10). Experimental protocol and 
stimulus parameters were the same as those used in the TPNQ study. Averaged (5) PSP traces 
before (black) and after TPNQ (red) are shown in Fig 6A. DTX-K reduced the peak amplitude of 




across all stimulus intensities after treatment (GLMM, N=9, F(1,95)=92.78, p < .001, Fig 6B). 
Post-hoc tests revealed that TPNQ attenuated the electrotonic PSP to all stimulus intensities 
(*Bonferroni corrected p < .05). DTX-K had no effect on the mixed PSP (GLMM, N=9, 
F(1,95)=0.519, p = .473, Fig 6C). Like TPNQ, DTX-K produced a significant increase of the 
residual PSP across all stimulus intensities (GLMM, N=9, F(1,95)=17.40, p < .001, Fig 6D, 
*Bonferroni corrected, p < .0083).  Interestingly, there was also an interaction between the effect 
of DTX-K on the residual PSP and stimulus intensity (GLMM, N=9, F(1,95)=4.66, p = .001, Fig 
5D) which was not observed after blocking Kir3.1 with TPNQ (Fig 1).  
We assessed for postsynaptic effects of DTX-K by measuring M-cell input resistance 
with positive current pulses (10 nA increments; 20ms duration) while recording membrane 
voltage with a second electrode (N=5).  Figure 7A shows that averaged (n=3) membrane 
depolarizations evoked by square pulses of 10, 20, 40, and 50 nA increased after  drug treatment 
(red taces). Consistently, the slope of the resulting I/V plots (i.e., the input resistance) was 
increased following DTX-K (control = 92.15 ± 8.91 kΩ, Mean DTX-K = 127.68 ± 9.79 kΩ, 
t(4)=3.39, p = 0.0274, paired t-test, Figs 7B and 7C). DTX-K had no effect on the M-cell resting 
membrane potential (Control = -79.1 ± 1.02 mV; DTX-K = -79.92 ± 1.17 mV; paired t-test, t(8)= 
0.81 , p = 0.3942, N=9). We next tested for voltage-dependent effects of Kv1.1 channels by 
quantifying the decay constant from membrane depolarizations evoked by square pulses (-100 to 
+100 nA; 20 ms) before and after drug (Fig 7D). Similar to the observations from the Kir3.1 
experiments, the membrane decay was greater to membrane depolarizations than to 
hyperpolarizations (Fig 2E; Pearson’s r, N=5, Control: r(112) = -0.61, p < .0001, R2 = 0.376,  
DTX-K: r(75) = -0.30, p < .0097, R2 = 0.088). Unlike the Kir3.1 blockers, the slope of the 




K (Fisher transformation, z = -2.69, p = 0.0071). This suggests that DTX-K inactivates a current 
that activates when depolarized, which reduce membrane decay following positive current 
injections.  
The effect of DTX-K on voltage-sensitive M-cell conductances was characterized as 
described for the Kir3.1 experiments (Fig. 7). In contrast to blocking Kir3.1, blocking Kv1 
(DTX-K) had no effect on input resistance near RMP (Baseline Rin; control = 78.6 ± 8.0 kΩ,, 
DTX-K = 90.0 ± 7.1 kΩ; paired t-test, t(8) = 1.61, p=0.1457, N=9, Fig 8B), but increased input 
resistance when depolarized (control = 88.7 ± 9.8 kΩ,, DTX-K = 126.1 ± 9.1 kΩ; paired t-test, 
t(8) = 5.05, p = 0.0010, N=9, Fig 8C). DTX-K increased the relative change in Rin as well (mean 
relative change in Rin control = 1.13 ± 0.04, mean relative change in Rin DTX-K= 1.41 ± 0.03; 
paired t-test, t = 4.32, p = 0.0050, N=7, Fig 8D). The effects of DTX-K are consistent with 
blocking a voltage dependent current.  
Effects of the Kv1.1 channel blocker Dendrotoxin-K on PPI 
We tested whether the DTX-K sensitive conductances that mediate the increase in M-cell 
excitability and the potentiation of the residual PSP also contribute to PPI. Fig 9A shows four 
single traces of the membrane response in trials without a prepulse (straight lines) and trials with 
preceding prepulse of 100 ms ISI, before (black) and after (red) DTX-K to 20 ms current ramps 
of 120 nA. DTX-K significantly increases PPI overall (GLMM, F(1,96) = 11.6, p = 0.001, N=9, 
Fig 9B). Post-hoc comparisons indicated a significant reduction in PPI at 20, 50 and 100 ms ISI 
(*= Bonferroni corrected p < .05; N=7). These results suggest that PPI is maintained or even 




DTX-K had no effect or proportionally increased the evoked-inhibition during PPI trials. 
We next tested whether DTX-K affects synaptic PPI by comparing the attenuation of the sound 
evoked PSPs in a prepulse/pulse stimulus paradigm at a range of prepulse lead times (20, 50, 
100, 150, 200, 300, 400, and 500 ms, N=9). Representative single PSP before (black) and after 
(red) treatment with DTX-K is shown in Figure 10A. The residual PSP of the prepulse 
overlapped with the PSP evoked by the pulse. The effect of DTX-K on the residual PSP was 
subtracted for PPI effect measurements (100 – (PSP with prepulse – residual PSP) / PSP without 
prepulse) * 100). For determining PPI, we used the amplitude of the mixed PSP since we 
previously showed that it was not affected by DTX-K (Figs. 10A, 6C).  DTX-K significantly 
increased PPI (GLMM, F(1,95)=12.24, p = 0.001, N=7, Fig 10C). PPI at 100-500ms ISI were 
significantly greater (*= Bonferroni corrected p < .05; N=9). The increase in synaptic PPI after 
DTX-K is therefore consistent with increased PPI during current injections. Therefore, the 
inhibitory conductances that mediate PPI are not Kv1.1 sensitive.  
Discussion 
The results of our experiments on whether Kir3.1 and Kv1.1 channels mediate PPI in the 
goldfish startle circuit can be summarized as follows: the reduction in PPI by TPNQ at ISIs 
greater than 150 ms is consistent the activation of a G-protein coupled inward-rectifying 
potassium conductance, which is a novel mechanism for PPI (Fig 5). In addition, we found that 
Kv1.1 channels repolarize the M-cell following sound-evoked PSPs. Blocking Kv1.1 increased 
PSP duration and potentiated a residual excitation upon which a secondary PSPs would be 
superimposed, thereby indirectly affecting PPI (Fig 10A) However, inactivating Kv1.1 




contribution of PPI to sensory processing is maintained or proportionally increased when the 
startle circuit becomes more excitable.   
Both Kv1.1 and Kir3.1 modulate baseline excitability  
Blocking Kir3.1 increased overall M-cell excitability. Kir3.1 channels play an important 
role in mediating inhibition and neuron excitability (for review, see (Hibino et al., 2010; Yamada 
et al., 1998). The increase in M-cell excitability after blocking Kir3.1 with TPNQ is consistent ex 
vivo rodent studies showing an increase in excitability in other brain areas, including the 
suprachiasmatic nucleus (Hablitz et al., 2014) and dorsal CA1 hippocampal neurons (Kim and 
Johnston, 2015; Leaney, 2003). Inwardly-rectifying potassium channels generally have bene 
shown to mediate membrane nonlinearities that increase potassium conductance during negative 
depolarizations (Gao et al., 2007; Krapivinsky et al., 1998). The M-cell is known to exhibit a 
distinct membrane non-linearity that increases excitability during membrane depolarizations that 
exceed approximately 5 mV above RMP (Faber and Korn, 1986; Medan and Preuss, 2011; 
Neumeister et al., 2008). This non-linearity is thought to function as a high-pass filter such that 
dendritic post-synaptic potentials that occur during background depolarization are preferentially 
conducted to the soma (Faber and Korn, 1986; Neumeister et al., 2008). This non-linearity was 
linked to the inactivation of a potassium conductance, which our results suggest is mediated by 
Kir3.1 channels (Faber and Korn, 1986). Blocking Kir3.1 eliminates the M-cell membrane 
nonlinearity (i.e., linearized the current voltage relationship) by inactivating a conductance that is 
active at baseline (Fig 3). Interestingly, the finding that Kir3.1 mediates both the M-cell non-
linearity and PPI is consistent with previous studies that link PPI to the elimination of the 




startle pathway is evolutionarily well-conserved, inactivation of inwardly-rectifying potassium 
conductances may contribute to sensorimotor gating in other model systems including mammals 
(Eaton, 1984; Koch, 1999). 
The increase in baseline M-cell excitability after blocking Kv1.1 with DTX-K is 
consistent with other M-cell studies in goldfish and zebrafish (Brewster and Ali, 2013; Watanabe 
et al., 2014, 2017). The decrease in both absolute threshold and threshold current observed after 
blocking Kv1.1 and Kir3.1 (Fig 3 and Fig 7) suggests an effect on voltage-gated sodium 
channels that initiate the action potential. The dramatic effect of Kv1 channels on firing 
threshold in other neurons is related to their expression near the axon initial segment and a 
similar pattern of expression has been proposed in the M-cell (Kuba et al., 2015; Watanabe et al., 
2014). Kv1.1 receptor expression near the axon initial segment is associated with a significant 
increase in neuron excitability as co-localization with voltage-gated sodium channels effectively 
shunts excitation that would otherwise trigger an action potential (Clark et al., 2009). There is 
indirect evidence that inwardly-rectifying potassium channels are expressed in the M-cell 
dendrite and soma (Faber and Korn, 1986). The reduced absolute threshold and threshold current 
observed after blocking Kir3.1 suggests that these channels may be similarly co-localized with 
voltage-gated sodium channels in the axon initial segment (Clark et al., 2009).  
Kir3.1 Channels Mediate Sensorimotor Gating 
PPI has been shown to be mediated by multiple mechanisms in vertebrates, which 
includes GABAA mediating the early ISIs of PPI and GABAB mediating the later ISIs (Curtin 
and Preuss, 2015; Kodsi and Swerdlow, 1995; Sayin et al., 2001; Yeomans et al., 2010). In 




rodents), which is consistent with reduction in PPI we observed at ISIs of 150 ms and greater 
(Yeomans et al., 2010). Indeed, TPNQ-sensitive Kir3.1 channels have been shown to be coupled 
with GABAB receptors (Chen et al., 2004; Misgeld et al., 1989). Therefore, our findings support 
the activation of Kir3.1 channels as a possible effector mechanism for GABAB-mediated PPI.  
Blocking Kir3.1 increased input resistance near RMP while input resistance near 
threshold was unaffected, functionally eliminating a membrane non-linearity that functions as a 
high-pass filter. PPI is mediated in part by the linearization of the I/V curve M-cell, which 
reduces excitability (Bronson and Preuss, 2017; Curtin et al., 2013; Medan and Preuss, 2011; 
Neumeister et al., 2008). Our results suggest that this PPI-related linearization is driven in part 
by an increase in Kir3.1-mediated conductance, since blocking Kir3.1 reduced the effect of the 
prepulse on input resistance. Although the potentiation of the residual PSP after blocking Kir3.1 
prevented accurate measurements of input resistance near RMP in prepulse conditions, the 
elimination of the membrane nonlinearity at baseline suggests that the effect of Kir3.1 was 
mediated by a reduction in the linearization that typically occurs during PPI. We cannot fully 
rule out the possibility that elimination of this nonlinearity produced a non-specific disruption in 
PPI. However, this conclusion is not supported by our data as we found that blocking Kir3.1 
reduced PPI only at ISIs greater than or equal to 150 ms while PPI at 20, 50 and 100 ms ISI were 
unaffected (Fig 5C). We have previously shown that PPI at 50 ms is mediated by the elimination 
of the nonlinearity (Medan and Preuss, 2011; Neumeister et al., 2008). Therefore, we would 
expect to observe the greatest reduction in PPI at 50 ms ISI if the reduction in PPI was mediated 
indirectly by the elimination of the membrane nonlinearity and increase in excitability. However, 
the finding that blocking Kir3.1 reduces PPI at longer (greater than or equal to 150 ms) ISIs 




Blocking Kv1.1 and Kir3.1 delays repolarization and prolongs the PSP response 
Blocking Kv1.1, and to a lesser extent Kir3.1, delayed the repolarization after the PSP and 
prolonged the response and produced a lingering depolarization (Figs 1 and 6).  Although we 
cannot exclude the possibility that this residual PSP reflects the M-cell response to 
reverberations in the setup, the M-cell has previously been shown to exhibit a slow EPSP that 
persists after stimulus termination (Szabo et al., 2006, 200). Instead of pre-synaptic EPSPs, the 
residual PSP is thought to reflect electrotonic coupling potentials driven by voltage-sensitive 
sodium channels that are attenuated by voltage-sensitive potassium channels (Curti and Pereda, 
2004; Szabo et al., 2006). However, the duration of the residual PSP as previously reported (> 30 
ms,(Szabo et al., 2006) suggests the involvement of conductances with relatively long 
rectification. Kv1.1 channels activate within milliseconds and inactivate at a relatively slow rate 
(2-4 s) compared to the rate of unblocking Kir conductances (within 10 ms) (Hopkins et al., 
1994; Lopatin et al., 1995; Watanabe et al., 2017). Therefore, the expression of Kv1.1 in the post-
synaptic membrane, coupled with these channels’ relatively slow inactivation kinetics, provide a 
theoretical basis for the involvement of Kv1.1 conductances in mediating the residual PSP. 
Furthermore, blocking Kv1.1 increased potentiation of the residual PSP more to sound of higher 
intensities than lower intensities (Fig 6D). This intensity-dependent effect of blocking Kv1.1 
aligns with the effects on baseline excitability, wherein input resistance during depolarization 
was increased while input resistance near RMP was unaffected (Fig 8F and 8G), which is 
compatible with the voltage-sensitive Kv1.1 activation kinetics previously reported in the M-cell 
(Watanabe et al., 2017).  However, the potentiation of the residual PSP observed after blocking 





We also considered whether the drug-induced PSP modulation were mediated by changes 
in pre-synaptic activity. Indeed, the EPSP interval of the synaptic response, which reflects the 
electrotonic coupling potential of the pre-synaptic afferences, was reduced after both Kv1.1 and 
Kir3.1 (Fig 1B and Fig 6B). The increase in input resistance observed in our current injection 
experiments (Fig 3E and Fig 8E) would predict a potentiated EPSP instead of the attenuated 
EPSP that was measured. This finding suggests that pre-synaptic activity is reduced by the 
treatments. Indeed, there is evidence in rodents that kv1.1 is expressed in cochlear neurons and 
auditory cortex (Grigg et al., 2000; Wang et al., 1994). However, a reduction in pre-synaptic 
activity during increased baseline excitability would also predict a reduction in the residual PSP, 
which is not observed. Therefore, we conclude that the effects of Kv1.1 and Kir3.1 blockers on 
the residual PSP and EPSP may reflect changes in the temporal pattern of pre-synaptic activity in 
addition to the increase in baseline excitability. 
The Kv1.1-mediated potentiation of the residual PSP could account for changes in startle 
plasticity and sensorimotor gating at the behavioral level. The residual PSP has been theorized to 
facilitate the summation of inputs on a broader timescale than the earlier components of the PSP 
(Szabo et al., 2006). Therefore, blocking Kv1.1 may broaden this timescale such that summation 
occurs over a longer period, particularly in response to higher intensity sounds would activate 
otherwise activate more Kv1.1 channels. The increase in spontaneous activity and neuronal firing 
likely contributes to the effect of Kv1.1 receptor expression on acoustic startle hypersensitivity 
and epilepsy (Fisahn et al., 2011; Higgs and Spain, 2011; Zuberi et al., 1999). In addition, 
transgenic Kv1.1-null mice also exhibit a loss of sound-localization that is mediated by a 
decrease in temporal precision in the medial nucleus of the trapezoid body (MNTB) (Kopp-




fidelity due to increased summation of successive APs. Furthermore, Kv1.1-mediated effects on 
the residual PSP may increase membrane depolarization at the onset of a successive stimulus, 
which would indirectly reduce PPI. This could account for results from in vitro studies in the 
rodent inferior colliculus that suggests a reduction in PPI-related activity at 20 ms ISI in the 
absence of Kv1.1 channel expression (Allen et al., 2008). Our results therefore suggest that 
modulation of Kv1.1 channel activity could indirectly affect PPI even though PPI itself is likely 
not mediated by Kv1.1.  
The PPI time-course involves multiple mechanisms and the role of potassium conductances in 
startle plasticity 
 The finding that Kv1.1 and Kir3.1 contribute to distinct components of sensory 
processing in the goldfish startle circuit underlines the important role that potassium channels 
play in contributing to distinct components of startle plasticity. For example, large-conductance, 
voltage- and calcium-activated potassium channels (BK channels) have been linked to the effect 
of habituation of PPI in transgenic rodents (Typlt et al., 2013). The role of Kir3.1 as a 
downstream target in signaling pathways that mediate PPI is consistent with other potassium 
channels that mediate sensorimotor gating including M-type potassium channels (Kapfhamer et 
al., 2010), and CB1-sensitive potassium channels (Howlett et al., 2004; Wegener et al., 2008). 
Further research that targets potassium channels may reveal novel signaling pathways that 
contribute to sensory processing and startle plasticity.  
The role of Kir3.1 in mediating sensorimotor gating builds upon the multiple modulatory 
mechanisms that act at distinct time intervals during PPI. In fish, PPI inhibits startle for greater 
than 500 ms via multiple post-synaptic mechanisms (Burgess and Granato, 2007; Hoffman and 




mechanism for multiple modulatory pathways that affect PPI and tonic excitability. For example, 
dopamine agonists have been shown to activate G-protein coupled inward-rectifying potassium 
conductances via a D2-related pathway (Kim et al., 1995; Uchida et al., 2000). However, the 
time-course of Kir3.1-mediated PPI in our results is less consistent with the D2 receptor related 
effects of dopamine agonists, which reduces PPI in the M-cell at 50 ms ISI (Medan and Preuss, 
2011). In contrast to D2-mediated effects on PPI, activation of the D1 receptor is thought to 
increase M-cell potassium conductance via a cAMP-independent G-protein coupled pathway 
(Casey et al., 1989; Pereda et al., 1994). Therefore, a D1-mediated effect on Kir3.1 would be 
consistent with the increased baseline excitability observed in our study (Figs 2 and 3). Finally, 
Kir3.1 channels are also activated by metabotropic glutamate receptors. In rodents, metabotropic 
glutamate receptors (mGluR) antagonists modulate PPI and transgenic rodent models of mGluR5 
receptor knockouts exhibit reduced PPI (Brody et al., 2004; Kinney et al., 2003; Saugstad et al., 
1996). However, the effects on PPI are mediated by metabotropic glutamate receptor subtype 5, 
whereas Kir3.1 channels are typically coupled to other subtypes (Kinney et al., 2003; Saugstad et 
al., 1996). In the M-cell, activation of metabotropic glutamate receptors increases excitability 
and dopamine release, which may indirectly reduce potassium conductance (Cachope and 
Pereda, 2012; Pereda et al., 1994). Interestingly, experiments using the slice preparation in the 
rodent suggest that dorsal horn neurons amplify, faithfully transmit or attenuate sensory 
information according to metabotropic glutamate receptor and GABAB signaling, likely by 
modulating Kir3 conductance (Derjean et al., 2003). Therefore, modulation of inwardly-
rectifying potassium channels such as Kir3.1 may provide a common effector mechanism for 





Figure 1. TPNQ affects the electrotonic and mixed PSP while potentiating the residual M-cell 
sound-response 
Inset: Schematic of M-cell. Membrane voltage (Vm) was recorded in the proximal dendrite 
during sound stimulation. (A) Averaged traces (n=5) of sound-evoked PSPs before (black) and 
after (red) Tertiapin-Q (TPNQ) administration. Lower trace indicates sound stimuli. Dashed lines 
subdivide the PSP into electrotonic, mixed electrotonic/chemical, and residual components. (B) 
Mean peak amplitude (± SEM) of the electrotonic component of the sound-evoked PSP (N=9) in 
control (black) and TPNQ (red) treatment conditions and indicated sound intensities (*= 




control (black) and TPNQ (red) treatment conditions and indicated sound intensities (*= 
Bonferroni corrected p < .05; N=9). Mean peak amplitude (± SEM) of the residual PSP in 
control (black) and TPNQ (red) treatment conditions and indicated sound intensities. (*= 





Figure 2. TPNQ acts on an M-cell conductance with inward-rectifying characteristics.  
Inset: Schematic of M-cell. A current-injecting electrode (Iin) is placed in the soma while 
voltage (Vm) is recorded in the proximal dendrite. (A) Averaged traces (n=3) of membrane 
voltage response (above) to square pulse current injections from RMP to threshold in 10 nA 
steps before (black) and after (red) TPNQ. RMP was approximately -83 mV in both in control 
and treatment conditions. Note that the M-cell fired 20 nA lower after TPNQ compared to before 
and membrane depolarizations above TPNQ-threshold are not shown. Gray area indicates the 
area of the membrane voltage from which the membrane decay constant was quantified (Figs 2D 




voltage response to square pulse. Each dot (Control = black, Treatment = red) represent a 
membrane voltage response made from averaged (n=3) square pulse current injections ranging 
from positive 10 nA to threshold. The slope of the I/V indicates the current voltage relationship 
(i.e., the input resistance). (C) Boxplots of the input resistance measured from step command 
square pulse injection. Input resistance was quantified by the slope of the I/V plot. TPNQ 
significantly increased input resistance (Control = 115.8 ± 1.98 kΩ, TPNQ = 122.6 ± 2.54 kΩ, 
paired t-test, N=7, t(6)=2.55, p = 0.0438). (D) Exponential fits of the membrane voltage response 
to +80 nA depolarizing currents (above) and -100 nA hyperpolarizing (below) from the end of 
the square pulse to to RMP (Gray area, Fig 2A) in control (black) and treatment (red) conditions. 
Membrane decay constant was calculated from the decay constant tau (time necessary to return 
to 1/e) of the exponential fit. (E) Scatterplot of membrane decay constant current injected (N=7). 
Each dot represents a membrane decay constant calculated from averaged (n=3) traces in control 
(black) and treatment (red). The best-fit line is shown superimposed. Membrane constant 
decreased as Iin increased in the positive direction (Pearson’s r, N=7, Control: r(167) = -0.17, 
p=0.0215, R2 = 0.031,  TPNQ: r(131) = -0.42, p < .0001, R2 = 0.219). The correlation between 
the membrane constant and Iin is significantly more negative following treatment (GLMM, N=7, 





Figure 3. TPNQ-sensitive channels mediate a voltage-sensitive increase in input resistance  
(A) I/V Plot of averaged (n=5) traces before (black) and after (red) TPNQ.  Shaded boxes 
indicate the area of the slope used to calculate input resistance measurements near RMP 
(Baseline Rin) and when depolarized 2 mV below RMP (Deplarized Rin). Dotted lines indicated 
linear fit (B) Boxplots of input resistance at baseline (near RMP). TPNQ significantly increased 
Baseline Rin (paired t-test, t(6) = 5.12, p=0.0022, N=7). (C) Boxplots of input resistance when 
depolarized (depolarized Rin). TPNQ had no effect on Rin when depolarized (paired t-test, t(6) = 
1.58, p = 0.17, N=7). (D) Boxplots of the relative change in Rin. TPNQ relative change in Rin 
(paired t-test, t = 4.32, p = 0.0050, N=7). (E) Single traces of the M-cell membrane response 




Dotted lines indicate the amplitude of the current ramp at which threshold reached. (F) Boxplots 
of Threshold current quantified from current ramp injections. TPNQ significantly reduced 
threshold current (paired t-test, t(6) = 6.98, p =0.0004, N=7). (G) Boxplots of absolute threshold 
from current ramp injections. TPNQ significantly reduced absolute threshold (paired t-test, t(6) = 





Figure 4. Quantification of prepulse-evoked inhibition in prepulse trials 
(A) Single traces of the M-cell membrane response (top) to a 76 dB sound pip followed by a 20 
ms current ramp injected 50 ms after sound onset before (black trace) and after (red trace) 
TPNQ. Arrow indicates ramp the onset of the ramp, which overlapped with the residual PSP in 
both conditions. Brackets indicate the effect of TPNQ on the residual PSP. Dashes indicate RMP 
in control and treatment. (B) Bar graphs of the mean (± SEM) effect of TPNQ on the membrane 
voltage of residual PSP recorded at ramps presented between 20 and 500ms. Bars above the 
dotted line indicate an increase in the residual PSP at ramp onset following TPNQ, whereas bars 





Figure 5. TPNQ reduces PPI at later ISIs by preventing the activation of a voltage-sensitive 
conductance 
(A) Single traces of the M-cell membrane response to current ramps before (black trace) and 
after (red trace) TPNQ without prepulse (straight lines) and with a preceding (50 ms) prepulse 
(dotted lines). Arrows indicate ramp onset. (B) Close-up of I/V plot before (black) and after (red) 
TPNQ, without prepulse (straight lines) and with a preceding (100 ms) prepulse (dotted lines). 





(C) Mean (± SEM) effect of the prepulse on threshold current (%) before (black) and after (red) 
TPNQ. TPNQ attenuated the effect of the prepulse at later ISIs (GLMM, F(1,95) = 38.8, p < 
0.001, N=7). Post-hoc comparison revealed a significant reduction in PPI at 100 to 500 ms ISI 
(*= Bonferroni corrected p < .05; N=7). (D) TPNQ attenuated the effect of the prepulse on input 
resistance overall (GLMM, F(1,95) = 6.81, p = 0.011, N=7). Post-hoc comparisons revealed a 





Figure 6. DTX-K selectively affects the electrotonic and potentiates the residual PSP in an 
intensity-dependent manner. 
Inset: Schematic of M-cell. Membrane voltage (Vm) was recorded in the proximal dendrite 
during sound stimulation. (A) Averaged traces (n=5) of sound-evoked postsynaptic potentials 
PSPs before (black) and after (red) administration of Dendrotoxin-K (DTX-K). Lower trace 
indicates sound stimuli. Dashed lines subdivide the PSP into electrotonic, mixed 
electrotonic/chemical, and residual components. (B) Mean peak amplitude (± SEM) of the 
electrotonic component of the sound-evoked PSP (N=9) in control (black) and DTX-K (red) 




Mean peak amplitude (± SEM) of the mixed PSP in control (black) and TPNQ (red) treatment 
conditions and indicated sound intensities (*= Bonferroni corrected p < .05; N=9). Mean peak 
amplitude (± SEM) of the residual PSP in control (black) and TPNQ (red) treatment conditions 
and indicated sound intensities. (*= Bonferroni corrected p < .05; N=9). Sound intensity had a 
larger effect on the residual PSP than in the control (Intensity vs Treatment interaction, GLMM, 





Figure 7. DTX-K increases M-cell input resistance and the membrane decay constant. 
Inset: Schematic of M-cell. A current-injecting electrode (Iin) is placed in the soma while 
voltage (Vm) is recorded in the proximal dendrite. (A) Averaged traces (n=3) of membrane 
voltage response (above) to square pulse current injections from RMP to threshold in 10 nA 
steps before (black) and after (red) DTX-K. RMP was approximately -79 mV in both in control 
and treatment conditions. Note that the M-cell fired 20 nA lower after TPNQ compared to before 
and membrane depolarizations above TPNQ-threshold are not shown. Gray area indicates the 
area of the membrane voltage from which the membrane decay constant was quantified (Figs 2D 




voltage response to square pulse. Each dot (Control = black, Treatment = red) represent a 
membrane voltage response made from averaged (n=3) square pulse current injections ranging 
from positive 10 nA to threshold. The slope of the I/V indicates the current voltage relationship 
(i.e., the input resistance). (C) Boxplots of the input resistance measured from step command 
square pulse injection. Input resistance was quantified by the slope of the I/V plot. DTX-K 
significantly increased input resistance (paired t-test, p = 0.0274, n=5). (D) Exponential fits of 
the membrane voltage response to +50 nA depolarizing currents (above) and -100 nA 
hyperpolarizing (below) from the end of the square pulse to to RMP (Gray area, Fig 2A) in 
control (black) and treatment (red) conditions. Membrane decay constant was calculated from 
the decay constant tau (time necessary to return to 1/e of peak) of the exponential fit. (E) 
Scatterplot of membrane decay constant current injected (N=5). Each dot represents a membrane 
constant calculated from averaged (n=3) traces in control (black) and treatment (red). The best-fit 
line is shown superimposed. Membrane constant decreased as Iin increased in the positive 
direction (Pearson’s r, N=5, Control: r(112) = -0.61, p<0.0001, R2 = 0.376,  DTX-K: r(87) = -
0.22, p = 0.0488, R2 = 0.045). The membrane constant is significantly greater following 





Figure 8. DTX-K potentiates a voltage-sensitive increase in input resistance  
(A) I/V Plot of averaged (n=5) traces before (black) and after (red) DTX-K.  Shaded boxes 
indicate the area of the slope used to calculate input resistance measurements near RMP 
(Baseline Rin) and when depolarized 2 mV below RMP (Deplarized Rin). Dotted lines indicated 
linear fit (B) Boxplots of input resistance at baseline (near RMP). DTX-K had no effect on 
Baseline Rin (paired t-test, t(8) = 1.61, p=0.1457, N=9). (C) Boxplots of input resistance when 
depolarized (depolarized Rin). DTX-K increased Rin when depolarized (paired t-test, t(8) = 5.05, 
p = 0.0010, N=9). (D) Boxplots of the relative change in Rin. DTX-K potentiated the change in 
Rin (paired t-test, t(8) = 7.29, p < 0.0001, N=9). (E) Single traces of the M-cell membrane 




DTX-K.  Dotted lines indicate the amplitude of the current ramp at which threshold reached. (F) 
Boxplots of Threshold current quantified from current ramp injections. DTX-K significantly 
reduced threshold current (paired t-test, t(8) = 5.46, p=0.0006, N=9). (G) Boxplots of absolute 
threshold from current ramp injections. DTX-K significantly reduced absolute threshold (paired 




Figure 9. DTX-K increases PPI at short ISIs 
(A) Single traces of the M-cell membrane response to current ramps before (black trace) and 
after (red trace) DTX-K without prepulse (straight lines) and with a preceding (50 ms) prepulse 
(dotted lines). Arrows indicate ramp onset. (B) Mean (± SEM) effect of the prepulse on threshold 
current (%) before (black) and after (red) DTX-K. TPNQ attenuated the effect of the prepulse at 
later ISIs (GLMM, F(1,96) = 11.6, p = 0.001, N=9). Post-hoc comparison revealed a significant 





Figure 10. The increase in baseline excitability does not attenuate synaptic PPI 
(A) Single traces of the M-cell membrane response (top) to two 76 dB sound pips separated by a 
50 ms delay before (black trace) and after (red trace) DTX-K. Straight line above the trace 
indicates the peak of the mixed PSP. Top Brackets PPI as indicated by the reduction of the 
prepulse PSP to the pulse PSP. Lower Bracket indicates the effect of DTX-K on the residual 
PSP. Dotted lines indicate RMP in control and treatment. (B) Bar graphs of the mean (± SEM) 
effect of DTX-K on the residual PSP recorded at ramps presented between 20 and 500ms. Bars 
above the dotted line indicate an increase in the residual PSP at ramp onset following DTX-K, 




response. The offset associated with the effect of DTX-K residual PSP on the residual PSP was 
subtracted from pulse measurements during PPI trials in the treatment condition. PPI was 
calculated as the percent ratio of pulse PSP over the prepulse PSP. DTX-K increased PPI overall 
(GLMM, F(1,128) = 56.75, p < 0.001, N=9). PPI at ISIs 100 to 500ms was significantly reduced 
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Predator pressure and olfactory cues (alarm substance) have been shown to modulate Mauthner 
cell (M-cell) initiated startle escape responses (C-starts) in teleost fish. The regulation of such 
adaptive responses to potential threats is thought to involve the release of steroid hormones such 
as cortisol. However, the mechanism by which cortisol may regulate M-cell excitability is not 
known. Here, we used intrasomatic, in vivo recordings to elucidate the acute effects of cortisol on 
M-cell membrane properties and sound evoked post-synaptic potentials (PSPs). Cortisol 
tonically decreased threshold current in the M-cell within 10 minutes before trending towards 
baseline excitability over an hour later, which may indicate the involvement of non-genomic 
mechanisms. Consistently, current ramp injection experiments showed that cortisol increased M-
cell input resistance in the depolarizing membrane, i.e., by a voltage-dependent postsynaptic 
mechanism. Cortisol also increases the magnitude of sound-evoked M-cell PSPs by reducing the 
efficacy of local feedforward inhibition. Interestingly, another pre-synaptic inhibitory network 
mediating prepulse inhibition (PPI) remained unaffected. Together, our results suggest that 
cortisol rapidly increases M-cell excitability via a post-synaptic effector mechanism, likely a 
chloride conductance, which, in combination with its dampening effect on feedforward 
inhibition, will modulate information processing to reach threshold. Given the central role of the 
M-cell in initiating startle, these results are consistent with a role of cortisol in mediating the 




Introduction   
Acute stress broadly promotes behaviors that increase the likelihood of survival in part 
through the release of steroid hormones that include corticosteroids (McEwen, 1998; Sapolsky, 
2002). There is growing evidence that corticosteroids influence the excitability of neurons and 
mediate rapid changes in behavior (Orchinik et al., 1991; Remage-Healey and Bass, 2004; Rose 
et al., 1998). For example, in vitro studies in rodents support that corticosteroids interact with 
neurotransmitters such as glutamate, serotonin and GABA to modulate sensory integration in the 
amygdala and hippocampus such that awareness to the environment is increased via a change in 
sensory gain (Groc et al., 2008; Karst et al., 2005, 2010; Stutzmann et al., 1998; Venero and 
Borrell, 1999). However, how these changes in sensory gain translate directly to behavioral 
output measures remains an important question. The vertebrate acoustic startle network  is well-
suited to study modulatory effects of corticosteroids on behavior since it is mediated by 
relatively few neurons that produce a distinct and quantifiable behavior (Eaton et al., 1977; 
Fetcho, 2009; Koch, 1999; Korn and Faber, 1996; Lingenhöhl and Friauf, 1992; Weiss et al., 
2006). In addition, startle has been shown to be sensitive to acute administration of 
corticosteroids in many vertebrates (Buchanan et al., 2001; Fehm-Wolfsdorf et al., 1993; Richter 
et al., 2011; Sandi et al., 1996).  
The startle escape response of teleost fish, or C-start, can be modified by environmental 
threats that putatively involve the release of steroid hormones. Cortisol has been shown to peak 
within minutes of exposure to stressors (Bonga, 1997; Flik et al., 2006). Stressors that are 
thought to increase C-start responsiveness include increased perceived threat from predators 
(Domenici, 2010; Fischer et al., 2014, 2015) and alarm substance (Speedie and Gerlai, 2008). 




cells) that integrate multimodal sensory input and a single action potential (AP) in either M-cell 
triggers the C-start by activating contralateral spinal musculature (Eaton et al., 1981; Faber et al., 
1989; Fetcho, 1991, 2009; Nissanov et al., 1990; Zottoli, 1977). Therefore, M-cell excitability is 
directly correlated with changes in the startle responsiveness, and are a predictor of behavioral 
output (Curtin et al., 2013; Korn and Faber, 2005; Neumeister et al., 2008; Preuss and Faber, 
2003). Accordingly, M-cells have been employed to study startle plasticity and sensorimotor 
gating in goldfish (Curtin et al., 2013; Medan and Preuss, 2011) African cichlids (Neumeister et 
al., 2010, 2017; Whitaker et al., 2011) and zebrafish (Burgess and Granato, 2007).  
M-cell activation depends on massive excitation that is opposed by tonic and feed-
forward networks, which include modulation through dopaminergic and serotonergic inputs 
(Curtin et al., 2013; Faber and Korn, 1982; Furshpan and Furukawa, 1962; Medan and Preuss, 
2011; Pereda et al., 1992a). As such, M-cell excitability is sensitive to changes in physiological 
state and environmental stressors such as predator pressure and social defeat (Fischer et al., 
2014; Neumeister et al., 2010, 2017; Whitaker et al., 2011). Thus, here we asked if cortisol could 
mediate such changes at the level of the M-cell. Our results indicate that cortisol increases M-cell 





Subjects. (N=17) Adult goldfish (Carassius auratus) of either sex were purchased from Ozark 
Fisheries (Stoutland, MO). Fish measured 7-10 cm in body length and were housed in groups of 
5-10 in rectangular plexiglass holding tanks (30 x 30 x 60 cm; 95 L). Tanks were supplied with 
recirculating and filtered conditioned water maintained at 18°C. Water was conditioned as 
described previously (Szabo et al. 2006). Ambient light was set to a 12 h light/dark photoperiod.  
Pharmacology. In experiment 1, the control condition consisted of a bath solution consisting of 
saline (modified Cortland’s solution, in mM: 124.0 NaCl, 5.1 KCL, 2.8 monobasic 
NaH2PO4H2O, 0.9 anhydrous MgSO4, 20.0 HEPES, 1.6 CaCl2.2H2O, 5.6 dextrose buffered to 7.2 
pH) and 0.1% Tween-20 that was superfused directly onto the exposed medulla via a stainless 
steel ball-tipped perfusion needle that was stabilized above the brain and attached to a tube and 
syringe needle. After baseline measurements in the control condition, the bath solution was 
replaced with cortisol (hydrocortisone, Sigma Aldrich) dissolved in 500 µL solution consisting 
of saline and 0.1% Tween-20 at a final cortisol concentration of 8 mM (N=10). Superfusion is a 
well-established method to assess drug effects on M-cell activity (Curtin and Preuss, 2015; 
Medan and Preuss, 2011; Pereda et al., 1992a), which has been successfully linked to changes in 
startle behavior (Curtin et al., 2013). Previous studies that superfuse of drugs onto the medulla 
estimate that the diffusion of the drug through the brain reduces the final concentration at the 
level of the M-cell (1.5 mm below the surface of the brain) by at least 2 orders of magnitude 
(Pereda et al., 1992a, 1994). Accordingly, the concentration of cortisol was selected to achieve a 
concentration similar to in vitro studies that demonstrate acute effects of cortisol on neural 
activity (10-6 M in Hua and Chen, 1987, 10-6 M in Zaki and Barrett-Jolley, 2002). In addition, a 




dissolved in saline applied directly to the brain and found no effect on M-cell activity (N=3, data 
not shown). 
 In experiment 2, cortisol was injected IM in the caudal part of the fish body (600 mg/kg 
body weight, n=7) at volumes that never exceeded 200 µL. This dose was selected to maximize 
saturation of the effect of cortisol for the longest time possible to accommodate our long-lasting 
(1 hour) recording and stimulation protocol necessary to assess membrane properties. This dose 
was sufficient to observed the onset of effects emerge within 10 minutes and begin to return to 
baseline within an hour, which suggests that the M-cell activity remained physiologically stable 
following this high dose (see Results). We found no effect of route of drug administration on 
recording condition (Change in RMP, direct=-0.5 mV ± 1.4, systemic=1.3 mV ± 1.2 p > 0.05), 
although data from experiment 1 and 2 are discussed separately in the results section.  
Electrophysiology. In vivo surgery and electrophysiological recording was performed as 
previously described (Curtin et al., 2013; Medan and Preuss, 2011). Briefly, subjects were 
immersed in ice water for 10–15 min before surgical procedures. Fish were then placed in the 
recording chamber, stabilized with one steel pin on each side of the head, and ventilated through 
the mouth with recirculating, aerated conditioned water at 18°C. In experiment 1, the general 
anesthetic MS-222 was dissolved in the recirculating water at a dosage (20 mg/L, N=10) that 
does not interfere with auditory processing (Cordova and Braun, 2007; Palmer and Mensinger, 
2004). In experiment 2, the opioid agonist fentanyl (1mg/kg, N=7) was injected IM as an 
alternative analgesic at dosages similar to or less than those that have demonstrated no effect on 
auditory processing (Cordova and Braun, 2007; Neiffer and Stamper, 2009). The recording 
chamber was mounted inside an opaque, thin-walled tank filled with temperature controlled 




small lateral incision at the caudal midbody. Bipolar electrodes were placed on the spinal cord to 
transmit low-intensity (5–8 V) electrical stimulation generated by an isolated stimulator 
(Digitimer). Antidromic activation of the M-cell axons was confirmed by a visible muscular 
contraction (twitch). Goldfish were then injected intramuscularly with either D-tubocurarine (1 
µg/g body weight; Abbott Laboratories) or flaxedil (1 µg/g body weight; Sigma Aldrich). A 
small craniotomy was performed and the medulla was exposed for intracellular. Antidromic 
stimulation produces a negative potential in the M-cell axon cap (typically 15–20 mV) that 
unambiguously identifies the axon hillock and allows intracellular recordings from defined 
locations along the M-cell soma–dendritic membrane (Faber et al., 1989; Furukawa and Ishii, 
1967). The sharp electrodes were therefore guided electrically to the all-or-none field potentials 
that are evoked by M-cell spikes, which occur with a latency of approximately 30-40 µs in 
response to anti-dromic stimulation. Intracellular recording of M-cell responses to sound stimuli 
were acquired using an Axoprobe-1A amplifier (Molecular Devices) in current-clamp mode with 
sharp electrodes (5–9 MΩ) filled with 5 M potassium acetate (KAc). Recordings were stored 
online with a Macintosh G5 computer using a data acquisition card (PCI-E; National 
Instruments) sampling at 25 kHz. Sound stimuli consisted of single-cycle sound pips (200 Hz) 
produced by a function generator (Agilent 33210A) connected to a shielded subwoofer 
(Behritone C50A; Behringer) located 30 cm from the recording chamber. Reported dB values are 
presented as Sound Pressure Levels (SPL) with a hydrophone at a reference value of 1 µPa 
instead of the typical references value in air of 20 µPa, which corresponds to the human hearing 
threshold. Thus, the dB values in water correspond to an approximately 62 dB increase relative 




fish’s head. Values from 5 individual traces from each stimulus condition were averaged and 
used for analysis.  
The effect of cortisol on M-cell membrane properties including threshold current and 
input resistance (Medan and Preuss, 2011; Neumeister et al., 2008) was studied by injecting 
current ramps via a second intrasomatic electrode (KAc; 3–5 MΩ) while maintaining the voltage 
recordings. A function generator (model 39; Wavetek) was used to regulate current injection, 
producing a positive current ramp (0–240 nA/20 ms). A compensation circuit built in the 
Axoprobe-1A amplifier eliminated crosstalk between the electrodes. Current–voltage (I/V) 
relationships were measured without sensory stimulation or with an auditory prepulse (200 Hz, 
147 dB) preceding current injection by 20, 50, 150, 200 or 500 ms. After assessment of baseline 
conditions, cortisol was administered either directly onto the brainstem via superfusion with 
Ringer’s saline or via IM injection (see above). Post-drug measures were taken after 10 mins and 
repeated for up to 1 hour after injection. Resting membrane potential (RMP) was continuously 
monitored to ensure stable recording conditions and/or possible effects of cortisol. A typical 
experiment lasted 4-5 h.  
All experiments followed guidelines and approved protocols of the Hunter College (City 
University of New York) Institutional Animal Care and Use Committee. Data were analyzed 
with JMP 12.0 (SAS Institute), and figures were created in Igor Pro (version 5.03; Wavemetrics). 
Data presented in figures describe mean values, and error bars illustrate mean standard error 
(SEM). The Shapiro-Wilk test was used to confirm that datasets met assumptions of normality.  
Hypothesis testing was performed using matched t-tests before and after cortisol, with a 
significance threshold of 0.05, ɑ=0.05.Effect sizes were measured using Cohen’s d and corrected 




cortisol on PPI in experiment 2 only was analyzed using a two-way repeated measures ANOVA 
with subjects as repeated measures, interstimulus interval (ISI20 ms, ISI50 ms, ISI150 ms, 
ISI200 ms, ISI500 ms) or sound intensity (139, 153, 173 dB re 1 µPa in water), and drug (saline, 
CORT) condition as factors, and the change in threshold current was the dependent variable. 
These analyses were followed up Bonferonni corrected post-hoc tests, when indicated. The effect 





Experiment 1 - Effects of cortisol on auditory-evoked M-cell responses 
Our first set of experiments (N=10) characterized the effect of cortisol on the auditory 
response in the M-cell, the decision-making neuron in the goldfish startle circuit. The M-cell 
receives di-synaptic inputs from inner ear hair cells via numerous 8th nerve afferences that 
converge onto the distal lateral dendrite via mixed electric (gap junctions) and chemical synapses 
(Bodian, 1952; Lin and Faber, 1988a; Pereda et al., 2003). Thus, responses to sound pips reflect 
initially (<5 ms after sound onset) electrotonic coupling potentials only, whereas later parts of 
the response also involve excitation by chemical synapses (Szabo et al., 2006). Moreover, 
excitation is counteracted by feedforward inhibition approximately 5 ms after sound onset (Korn 
and Faber, 2005; Preuss and Faber, 2003; Weiss et al., 2009). As such, the M-cell PSP can be 
dissected into an initial excitatory PSP that essentially reflects action potential (AP) events in the 
presynaptic afferences (defined as initial PSP in Fig. 1A), whereas the later PSP represents an 
interaction of excitatory and inhibitory inputs via chemical synapses (defined as late PSP in Fig. 
1A; (Szabo et al., 2006).  
Post-synaptic potentials (PSPs) were recorded in the M-cell soma in response to a sound 
pip (153 dB re 1 µP in water) before and after superfusing cortisol (8 mM) onto the surface of 
the medulla. In figure 1A, representative individual traces before (black) and after drug (red) 
show that cortisol changed the waveform of the PSP namely, it enhanced the later part of the 
response indicted by a shift in latency-to-peak (i.e. the time from sound onset to peak response) 
and an increase in peak amplitude. To quantify these effects, we compared the latency-to-peak 
(ms), as well as the initial and late PSP peak amplitudes (mV) from averaged traces (5) before 




cortisol, which is a large and significant effect (mean control: 4.25 ± 0.31 ms; mean drug: 6.21 ± 
0.71 ms; paired t-test, t=8.05, p=0.0195; d=1.00, N=10; Fig. 1B). Amplitude measurements 
showed a large increase in initial PSP peak size (12.92 ± 7.05%), but this difference was not 
statistically significant (mean control: 3.74 ± 0.61 mV; mean drug: 4.52 ± 1.02 mV; paired t-test, 
t=3.12, p=0.112; d=1.38, N=10, Fig. 1C). However, cortisol had a large effect on peak 
amplitude, which was significantly increased for the late PSP (28.26 ± 7.46 % increase, mean 
control: 3.62 ± 1.80 mV; mean drug: 4.69 ± 2.51 mV; paired t-test, t=9.73, p=0.0123, d=1.31, 
N=10, Fig. 1D). Cortisol did not change the M-cell resting membrane potential (RMPcontrol=-
82.16 ± 0.87 mV; RMPdrug=-82.68 ± 1.38 mV; paired t-test, t=0.23, p=0.64, d = 0.287, N=10).  
One possible mechanism underlying the cortisol-induced potentiation of the late PSP is a 
reduction in feedforward inhibition. Inhibition in the M-cell is of the shunting type and related to 
changes in the cell’s input resistance (Korn and Faber, 1976, 2005). Thus, the magnitude and 
duration of sound evoked inhibition (inhibitory time-course) can be quantified in the M-cell as 
the fractional amplitude reduction of an antidromically test AP in response to a conditioning 
sound stimulus that precedes the AP at distinct time intervals (Fig. 2A; (Faber and Korn, 1982). 
Figure 2B shows the mean inhibitory shunt (defined as 100 - APtest / APcontrol *100; (Faber and 
Korn, 1982) at sound onset /AP intervals ranging from 2–50 ms in five M-cells. For 
quantification, we calculated the root mean square (RMS) values of the fractional shunt of the 
AP over the entire range. The results suggest that cortisol reduced the overall magnitude of 
feedforward inhibition (paired t-test, t=9.12, p=0.0391; d=1.41, N=5, Fig. 2C) while the 
inhibitory time-course was still intact (Fig. 2B). Together, the results suggest that reduced 
feedforward inhibition might be at least partly responsible for the potentiation of the late PSP 




Experiment 2 - Effects of cortisol on M-cell membrane properties and PPI 
To test effects of cortisol on the postsynaptic M-cell membrane directly, we injected a 20 
ms current ramp into the M-cell soma (M=160 ± 16.2 nA) while recording membrane voltage 
with a second electrode (Fig. 3A). This technique allows us to measure changes in membrane 
properties such as threshold current, absolute threshold, and voltage-dependent conductances 
over a wide-range of membrane depolarizations, including inhibitory conductances evoked 
during PPI (Curtin et al., 2013; Medan and Preuss, 2011; Neumeister et al., 2008). Here, cortisol 
was administered systemically as PPI neurons are extrinsic to the M-cell startle circuit in the 
hindbrain (Bergeron et al., 2015). We found that cortisol reduced the amount of current 
necessary to fire the cell in six of the seven recorded M-cells. The quantification of this effect 
(see methods) showed a reduction in threshold current by 9.17 ± 3.05 % (control: 157.12 ± 18.20 
nA, drug: 143.04 ± 18.15 nA; paired t-test, t=7.91, p=0.0307, d=1.063, N=7, Fig. 3B). In 
contrast, absolute threshold (control: -70.43 ± 1.95 mV; drug: -70.0 ± 2.46 mV, paired t-test, 
t=0.1358, p=0.7252, d=0.154, N=7), and RMP (control: -85.41 ± 1.54 mV; drug: -84.10 ± 2.11 
mV, paired t-test, t=1.0119, p=0.3533, d=0.416, N=7) were unchanged. Since these experiments 
did not involve activation of any presynaptic networks, the results are consistent with an 
excitatory action of cortisol at the postsynaptic M-cell membrane.   
To assess the pharmacokinetics of systemically-administered cortisol, its effect on 
threshold current was quantified at four distinct post-injection time windows between 10-20, 21 
and 40, 41 and 60, and 61 and 120 min. The results indicated a distinct drug effect between 10 
and 60 min, before returning to baseline (Fig. 3C). Therefore, threshold current measurements 




The current-voltage relationship was further analyzed for effects of cortisol on M-cell 
input resistance. The M-cell is a high-threshold neuron with relatively low-input resistance at 
baseline, however resistance increases dynamically when membrane depolarization exceeds 
approximately five mV above RMP (Faber and Korn, 1986; Neumeister et al., 2008). This 
membrane nonlinearity is caused by a membrane conductance (putatively an inward rectifier 
potassium channel) that inactivates in the depolarizing cell, which functionally increases M-cell 
excitability, i.e. it acts as a sensory high pass filter (Faber and Korn, 1986). Thus, to dissect the 
action of cortisol on the post-synaptic membrane, we measured M-cell input resistance derived 
as the slope in I/V plots close to RMP (slope 1, Fig. 3D) and in the depolarized cell (slope 2, Fig. 
3D; see methods for details). Cortisol did not change input resistance near RMP (slope 1) 
compared to control condition (control, mean=93.4 ± 8.3 kΩ, drug, mean=105.3 ± 10.0 kΩ; 
paired t-test, t=10.2143, p=0.0187, d=0.433, N=7, Fig. 3E1), however, cortisol increased input 
resistance near threshold (slope 2) (control, mean=93.4 ± 8.3 kΩ, drug, mean=105.3 ± 10.0 kΩ; 
paired t-test, t=10.2143, p=0.0187, d=1.350, N=7, Fig. 3E2). These results indicate that the 
increase in M-cell excitability by cortisol is at least partly driven by the inactivation of a voltage-
sensitive conductance. 
Given the effects of cortisol on the M-cell membrane properties, as well as on 
feedforward inhibition, we next asked if prepulse inhibition (PPI), which is mediated by an 
extrinsic inhibitory network (Bergeron et al., 2015), was similarly affected. Interestingly, M-cell 
PPI is partly mediated by the activation of a voltage-sensitive membrane conductance (Curtin et 
al., 2013; Medan and Preuss, 2011; Neumeister et al., 2008). Thus, we tested whether the effects 
of cortisol on M-cell membrane nonlinearities potentiation described above interact or interfere 




For this, we compared the membrane depolarization induced by current-ramp injections 
before (black) and after cortisol (red) with (dotted lines) and without (solid lines) a 173 dB 
prepulse at 50 ms ISI (Fig. 4A). The results show an increase in threshold current in both drug 
and control conditions during PPI (Fig 4A; solid vs. dashed lines in Fig 4A), and an overall 
downshift in threshold current with and without prepulse following drug (Fig 4A; black vs. red 
traces).  
To explore possible floor and ceiling effects, we assessed the effect of prepulse intensity 
on M-cell threshold current in drug and control trials at ISI 50, which has been shown to be an 
effective prepulse lead time in goldfish. Therefore, we used sound pips (200 Hz) of different 
intensities (139, 153, 173 dB re 1 µPa in water). Figure 4B shows the average increase in 
threshold current caused by prepulses of three different intensities at a lead time of 50 ms 
presented before the current ramp, demonstrating a positive relationship between prepulse 
intensity and threshold current (two-way repeated measures ANOVA, cortisol, F(1,37)=23.33, 
p<0.001, partial eta squared=0.387; prepulse intensity, F(2,37)=3.51, p=0.0401, partial eta 
squared=0.160, N=7, Fig. 4B). The effect of high-intensity prepulses on the increase in threshold 
current was significantly reduced after cortisol administration (Bonferroni Post-hoc, p<.016).  
To assess the effect of cortisol on the inhibitory time-course during PPI, high intensity 
(173 dB re 1 µPa) prepulse at five prepulse/current ramp interstimulus intervals (ISIs) of 20, 50, 
150, 200 and 500 ms were applied. The results show that a prepulse evoked an increase in 
threshold current across all ISIs, but an overall downward shift of this effect in drug conditions 
(two-way repeated measures ANOVA, cortisol, F(1,61)=35.57, p<.001, partial eta 
squared=0.370, N=7, Fig. 4C). The inhibitory PPI time-course, however, was still present after 




conditions (ISI, F(4,4)=5.23, p = .0011, partial eta squared=0.261, N=7, Fig. 4C). We found no 
significant interaction between cortisol and prepulse lead-time, suggesting no ISI-specific drug 
effects. Taken together, these results are indicative that cortisol leaves the PPI time-course 
largely intact but the effect of the prepulse evoked-inhibition is masked by an underlying tonic 
increase in excitability. 
We next characterized the effect of cortisol on the voltage-sensitive conductance that 
mediates PPI by comparing the prepulse-evoked change of input resistance in the depolarized 
cell (slope 2, Fig. 5A). Sample I/V plots before (black) or after (red) application of cortisol 
showed that a prepulse-evoked reduction in input resistance (high intensity prepulse, ISI 50ms) 
in both control and drug conditions (Fig. 5A, compare solid and dashed lines in shaded area). 
The results (N=7) showed no significant difference in the prepulse-evoked effect on input 
resistance between control (mean prepulse-evoked decrease=15.88 kΩ ± 2.9) and drug (mean 
prepulse-evoked decrease=12.76 kΩ ± 2.6, paired t-test, t=1.90, p=0.21). However, the cortisol-
evoked tonic increase in M-cell input resistance described above produces an overall shift in 
baseline excitability (Fig. 5A, compare dashed black lines and solid red lines); thus, effectively 
generating the phenomenon such that excitability in PPI drug conditions is comparable to the no 
prepulse condition in controls. Figure 5B outlines the relative contribution (i.e., the means of 7 
experiments indicated by the length of the arrows) of cortisol induced-tonic increases in 





This study examined the role of the steroid hormone cortisol in regulating startle circuit 
excitability and sensory processing in the goldfish. In vivo intracellular recording found that 
cortisol acutely increases excitability of the startle decision-making neuron, the M-cell. 
Specifically, cortisol decreased auditory evoked feedforward inhibition and caused a tonic 
voltage-dependent increase in M-cell input resistance but had no effect on PPI. Together, these 
effects contribute to a potentiation of the synaptic responses in the M-cell, which implies a 
change in sensory processing that functionally may increase startle responsiveness.  
Cortisol potentiates M-cell synaptic responses and reduces feedforward inhibition 
Cortisol significantly increased the auditory-evoked response in the goldfish startle 
circuit, as indicated by the potentiated M-cell PSP (Fig. 1A). The amplitude of the PSP is a 
critical determinant of M-cell activity since it is an integrate-and-fire neuron without an ongoing 
firing pattern. In addition, the M-cell is relatively inexcitable due to its low input resistance (90 
to 120 kΩ, Neumeister et al., 2008 and this study) and RMP (-80 to -85 mV, Curtin et al., 2013 
and this study). As previously shown, even minor changes in PSP amplitude predict changes in 
startle behavior (Curtin et al., 2013; Neumeister et al., 2008; Whitaker et al., 2011), therefore our 
results suggest that cortisol increases startle probability. This interpretation is compatible with 
previous studies in zebrafish showing increased C-start-related activity following stressor 
exposure (Speedie and Gerlai, 2008). In addition, upregulation of endogenous cortisol release in 
zebrafish larvae has been shown to increase locomotive activity (De Marco et al., 2013), which is 
C-start related (Budick and O’Malley, 2000). Finally, an increase in startle responsiveness may 
also be compatible with exaggerated startle responses in grs357 mutant zebrafish larvae, which 




grs357 mutation are limited to the DNA-binding of the glucocorticoid receptor (Ziv et al., 2013). 
Therefore, the effects of cortisol on cell-signaling discussed later may remain intact and mediate 
the proposed effects of cortisol on startle. 
We considered whether the effects of cortisol on the PSP are produced by increased 
activity in excitatory auditory afferents and/or by decreasing the effect of inhibitory interneurons. 
Potentiation of the auditory-evoked M-cell PSP by cortisol was limited to the phase in which 
chemical excitation and inhibition predominate (Fig. 1D), whereas the initial PSP was not 
significantly affected (Fig. 1C). As noted in the results, the initial PSP elicited in response to 
abrupt sounds is mediated through gap junctions and thus correlates directly with activity in the 
numerous (75-100) 8th nerve afferences that impinge onto the distal M-cell lateral dendrite (Curti 
and Pereda, 2010; Furukawa and Ishii, 1967; Lin and Faber, 1988a; Szabo et al., 2006). Thus, the 
lack of an obvious change in the initial PSP suggests that pre-synaptic activity in the auditory 
afferences was largely unaffected by cortisol. This seems to contradict a study in goldfish in 
which noise exposure rapidly increases in cortisol levels while reducing auditory brainstem 
response and increasing threshold, although this study also highlighted the complexity of this 
possible interaction (Smith et al., 2004). Acute administration of corticosteroids in humans has 
also been shown to modulate multiple sensory modalities, as measured by auditory hearing 
threshold (Beckwith et al., 1983; Fehm-Wolfsdorf and Nagel, 1996), taste perception (Fehm-
Wolfsdorf et al., 1989; Henkin, 1970), and electroencephalogram (EEG) activity (Born et al., 
1988, 1989). The general effect of cortisol on multi-modal sensory pathways supports our 
interpretation that our results reflect cortisol-induced changes in sensory integration and not 
differences in activity within the eighth nerve afferences that project to the M-cell, although 




Eighth nerve afferences also excite a population of interneurons (PHP cells) via 
monosynaptic projections, which mediate chemical feedforward inhibition (FFI) to the M-cell 
(Faber et al., 1991; Preuss and Faber, 2003; Weiss et al., 2008). The onset and peak of FFI 
overlaps with the time of cortisol induced cortisol-induced PSP potentiation (Figs. 1A and 2B), 
which suggests that the latter is at least partly mediated by the decrease in FFI following cortisol. 
In principle, a change in FFI may involve a decrease in either the activation of the pre-synaptic 
inhibitory neurons (PHP) and/or the efficacy of chemical synapses mediating inhibition at the M-
cell dendrite. However, our results favor an effect on the post-synaptic membrane since we did 
not find evidence for an increase in presynaptic activity in the 8th nerve afferences which activate 
FFI (see above). As we have previously shown that FFI in the M-cell is strychnine-sensitive and 
primarily mediated by glycine (Curtin and Preuss, 2015), this interpretation is consistent with 
results showing that other steroid hormones, including progesterone and to a lesser extent 
corticosterone reduce glycine inhibition in spinal cord neurons (Wu et al., 1990).  
Interestingly, a separate pre-synaptic inhibitory network mediating PPI remained largely 
unaffected by cortisol, although the observed tonic increase in M-cell membrane excitability (see 
below) masked the evoked inhibition following a prepulse and produced an apparent overall (ISI 
non-specific) disruption of PPI. Reduction in behavioral PPI has been observed in humans 
following cortisol administration and acute stress, which may upregulate cortisol release (Grillon 
and Davis, 1997; Richter et al., 2011). However, these studies did not test for ISI-specific PPI 
effects, which is important for tying modulators to PPI deficits (Curtin et al., 2013; Yeomans et 
al., 2010). Our previous study on the effects of SB-699551, a 5-HT5A antagonist, demonstrated 
that intrinsic startle circuit excitability modulates PPI in the goldfish (Curtin et al., 2013). Indeed, 




1997; Schicatano et al., 2000). Therefore, we cannot conclusively determine whether these 
studies contradict or support our findings.  
Cortisol increases input resistance in the depolarized post-synaptic M-cell membrane  
Cortisol significantly reduced threshold current in the M-cell (Fig. 3B), which provides 
direct evidence that cortisol increases excitability by a post-synaptic mechanism. These effects 
emerged rapidly (within 10 minutes) and persisted for an hour before trending towards baseline 
excitability (Fig. 3C). The observed lag time and the emergence of wash out effects provides 
preliminary evidence of a non-genomic effect of cortisol such as a membrane-bound receptor 
(Orchinik et al., 1991). However, this conclusion should be interpreted cautiously as our study 
did not test this concept specifically and 10 minutes is associated with the upper temporal limit 
of a non-genomic effect (Makara and Haller, 2001).  In addition, administration of glucocorticoid 
antagonists would be necessary to determine whether our results are specific to the actions of 
cortisol on a receptor, as demonstrated by Di et al., 2003 (Di et al., 2003). 
The finding that cortisol increased input resistance only when the M-cell became 
depolarized (Fig. E2) indicates that the underlying mechanism may involve the inactivation of a 
voltage-sensitive membrane conductance. Previous studies demonstrate that cortisol reduces 
cAMP in tilapia pituitary cells in vitro (Borski et al., 1991). In the M-cell, accumulation of 
cAMP enhances glycine-mediated inhibitory Cl- currents (Wolszon and Faber, 1989) without 
corresponding changes in RMP, which is consistent with the present study. Our results are also 
consistent with studies demonstrating a voltage-sensitive action of cortisol reversing 
noradrenaline-induced excitation in the hippocampus (Joels and De Kloet, 1989). Indeed, the M-
cell membrane contains voltage-sensitive potassium and chloride conductances that increase and 




Thus, the tonic increase in input resistance near threshold might involve either a further 
inactivation of additional potassium channels and/or the inactivation of normally active chloride 
channels.  Some support for the former comes from in vitro studies in the rodent paraventricular 
nucleus in which cortisol increases excitability by inactivating potassium currents (Zaki and 
Barrett-Jolley, 2002). However, our result here showed that cortisol had no effect on a voltage-
depend potassium conductance that putatively mediates PPI in the M-cell (Neumeister et al. 
2008; Medan and Preuss 2011, 2014). In contrast, although we do not have direct evidence,  the 
reduction in feedforward inhibition, which is mediated by glycinergic activation of chloride 
channels, is consistent with the notion that chloride conductances are affected by cortisol (Curtin 
and Preuss, 2015). In other words, a cortisol induced inactivation of Cl- channel is a 
parsimonious explanation for the combined results in our study.  Indeed, cortisol induced 
reduction in chloride conductance has been observed in bullfrog ganglion cells (Ariyoshi and 
Akasu, 1987), the rodent cortex (Strömberg et al., 2005) and basolateral amygdala (Duvarci and 
Paré, 2007).   
Interestingly, antagonizing serotonin 5a receptor activity increases a chloride dependent 
tonic inhibition in the M-cell (Curtin et al., 2013). Previous studies have demonstrated the role of 
serotonin in regulating the stress response (Lanfumey et al., 2008) and administration of the 5-
HT1a agonist in salmon upregulates the release of cortisol in a dose-dependent manner (Winberg 
et al., 1997). Corticosterone has been shown to modulate activity in serotonergic neurons in the 
dorsal raphe, presumably via activation of G-protein coupled receptors (Wang et al., 2012). 
These findings raise, albeit hypothetically, the prospect of an interaction of cortisol and serotonin 




Physical restraint, which is required for intracellular recording, has been shown to 
upregulate the release of cortisol in many fish species (Bressler and Ron, 2004; Myszkowski et 
al., 2003; Small, 2003; Small and Peterson, 2005). In addition, prolonged exposure to MS-222, 
the general anesthetic used in experiment 1, also increases plasma concentration of cortisol 
(Thomas and Robertson, 1991). As such, the experimentally administrated cortisol may add to an 
already elevated cortisol level in the brain, which potentially masked some of the effects 
observed between control and drug conditions, i.e., it may underestimate the effects of cortisol 
observed in our results. In contrast to experiment 1, MS-222 was substituted with the opioid 
agonist fentanyl as an analgesic for experiment 2, an approach used previously to study the 
effects of cortisol on neural excitability in fish (Remage-Healey and Bass, 2004). Although the 
responses measured in experiments 1 and 2 are not directly comparable, we did not find any 
obvious differences in baseline M-cell membrane properties such as RMP between the 
experiments (see methods). 
The cortisol mediated increase in M-cell excitability highlights the sensitivity of the 
startle response to acute stress. Indeed, there is a one-to-one relationship between the M-cell AP 
and the initiation of the startle response (Weiss et al., 2006; Zottoli, 1977) and previous studies 
showed that changes in M-cell excitability are directly related to changes in startle rate (Preuss 
and Faber, 2003; Whitaker et al., 2011). Thus, our results provide, albeit indirect, evidence that 
cortisol likely will increase startle responsiveness in goldfish.  
Other processes that mediate relatively complex cognitive and emotional processes, such 
as learning and memory, also modify the startle response via habituation and sensitization (for 
review, see (Schmid et al., 2015). The startle system may therefore receive input from state-




through direct action on neuronal excitability in other species as demonstrated in the inhibition of 
reproductive behavior in amphibians (Orchinik et al., 1991) and stimulus evoked courtship 
behavior roughskin newts (Rose et al., 1998), as well as increased vocalization in midshipman 
fish (Remage-Healey and Bass, 2004). Broadly, acute stress is thought to promote adaptive, 
survival-promoting behaviors (McEwen, 1998; Sapolsky, 2002) and given the critical role of the 
fish start escape response for survival (Korn and Faber, 2005), our results are consistent with the 
notion that cortisol directly contributes to stress-related changes in behavior. The evolutionarily 
conserved nature of the auditory startle pathway in mammals and fish (Korn and Faber, 1996), as 
well as the role of cortisol as the primary corticosteroid in humans, suggests that similar cortisol-
sensitive cellular mechanisms may be present in other species including humans. 
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Figure 1. Cortisol potentiates M-cell synaptic sound response  
A. Inset: Schematic of 8th nerve inputs to the M-cell. Eighth nerve afferences project onto 
lateral dendrite via large myelinated club endings that contain 1) gap junctions and 2) 
glutamatergic synapses (Adapted from Cachope and Pereda, 2012). Membrane voltage 
(Vm) was recorded in the soma or proximal dendrite during sound stimulation. To the 
right, example trace of sound-evoked PSPs recorded in the M-cell before (black) and 
after (red) treatment with cortisol. Bottom trace indicates sound stimuli. Dashed line 
indicates 5ms latency after stimulus onset; to the left, the sound response consists of 
excitatory, electrotonic components only (initial PSP), whereas to the right of the line 
(late PSP) the response also includes mixed excitatory and inhibitory chemical 
components. 
B. Boxplots of mean latency-to-peak (ms) of sound-evoked PSPs (N=10) for control and 
CORT treatment. Paired t-test, *p=0.0195. 
C. Boxplots of mean peak amplitudes of the initial PSPs (N=10) for control and CORT 




D. Boxplots of mean peak amplitudes of the late PSPs (N=10) for control and CORT 





Figure 2. Cortisol attenuates feedforward inhibition in the M-cell  
A. Inset: Schematic of M-cell and associated excitatory and feedforward inhibitory 
networks.   Feedforward inhibition is quantified as the fractional amplitude reduction of 
antidromically evoked test APs concurrent with sound stimulation. To the right, 
recordings of APs in control (black) and CORT (red) conditions for sound/AP intervals 
ranging from 1 to 30 ms. Bottom trace indicates sound stimuli (200 Hz, pips at 153 dB 
relative to 1 µPa in water).  
B. Time-course of feedforward inhibition expressed as the mean fractional reduction (+/- 
SEM, N=5) of the test AP before (black) and after (red) CORT. 
C. Boxplots of the mean root mean square values of the evoked feedforward inhibition in 





Figure 3. Effects of cortisol on M-cell membrane properties 
A. Inset: Schematic of M-cell. A current-injecting electrode (Iin) is placed in the soma while 
voltage (Vm) is recorded in the proximal dendrite.  Traces show the M-cell membrane 
response to a current ramp injection (240 nA, 20 ms, grey line) before (black trace) and 
after (red trace) CORT.  Dashed lines indicate threshold current in control and drug 
conditions.  
B. Boxplots of mean threshold currents in control (black) and drug (red) conditions (Paired 
t-test, *p=0.0307, N=7). 
C. Time course of CORT effects. Plot of normalized changes in threshold current at distinct 




40, 41-60, 61-120 minute windows, respectively). Dotted line represents no change in 
threshold current.  
D. Sample voltage/current plot before (black) and after (red) drug. M-cell input resistance 
near RMP was largely unaffected by CORT (compare slopes at 2 mV above RMP). 
Resistance near threshold was increased near threshold (compare slopes at 2 mV below 
threshold).  
E. Boxplots of mean M-cell input resistance (Rin) near RMP (E1) and in the depolarized M-





Figure 4. Testing the effects of cortisol on PPI 
A. Inset: Schematic of M-cell. 8th nerve afferences project to the M-cell and activate an 
extrinsic PPI network via an unknown pathway. A current-injecting electrode (Iin) is 
placed in the soma while voltage (Vm) is recorded in the proximal dendrite. Below and to 
the right, M-cell membrane response to a current ramp injection before (black) and after 
(red) CORT with (dashed lines) and without (solid lines) a 173 dB prepulse at 50 ms ISI.  
B. Plots of the mean (+/- SEM, N=7) evoked change in threshold current by a prepulse of 
three different intensities (50 ms prepulse/ramp ISI) in control (black) and CORT (red) 
conditions (Bonferroni Post-hoc, *p=.0017).   
C. Plots of the mean (+/- SEM, N=7) evoked change in threshold current by a prepulse (173 
dB) at indicated prepulse/ramp ISIs in control (black) and CORT (red) conditions. PPI 




F(4,61) = 5.23, p = .0011, N=7). CORT reduced PPI across all ISIs (CORT, F(1,61) = 





Figure 5. Cortisol effect on voltage-dependent membrane properties during PPI  
A. Average (5 traces) voltage/current plot before (black) and after (red) drug and with 
(dashed lines) and without (solid lines) a 173 dB prepulse at 50 ms ISI, respectively. 
Shaded area depicts slope 2 assessment area in the depolarized membrane near threshold 
(slope 2). Brackets represent the evoked change in input resistance in control and drug 




B. Summary schematic of CORT induced effects on the depolarized M-cell membrane 
(slope 2 area in A) in control (black) and drug (red) conditions. Note: Arrow length 





Summary of an article previously published as 
"The 5-HT5A receptor regulates excitability in the auditory startle circuit: functional implications 
for sensorimotor gating" 
By 
Curtin, P.C.P., Medan, V., Neumeister, H., D.R. Bronson, and Preuss, T. 





This study characterized the functional role of a serotonin subtype receptor that was 
previously not well understood, 5-HT5A. 5-HT5A is one of two serotonin subtypes expressed in 
the M-cell (Whitaker et al., 2011). In addition, serotonin acts pre- and post-synaptically to 
increase M-cell excitability and accordingly increase startle probability (Mintz and Korn, 1991; 
Whitaker et al., 2011). These effects were shown to occur in conjunction with an increase in an 
M-cell inward rectifying potassium conductance (Mintz and Korn, 1991). PPI is thought to 
involve the activation of an inward-rectifying potassium conductance (Medan and Preuss, 2011; 
Neumeister et al., 2008), therefore we tested the involvement of the 5-HT5A receptor in 
mediating PPI. To test this, we administered the 5-HT5A antagonist, SB-699551. We 
hypothesized that SB-699551 would 1) Attenuate excitability in the M-cell and 2) Reduce PPI. 
My role as contributing author on this study consisted of the pulse-alone behavioral 
pharmacology experiments (N=18). 
Results 
We first tested C-start probability in goldfish that received intraperitoneal injections of 
saline control or SB-699551 over four experiments (0.5, 0.75 or 0.9 mg/kg, N=10). SB-699551 
increased PPI at 50 and 500ms interstimulus intervals (ISIs) (Fig 1A).  Next, M-cell post-
synaptic potentials were recorded (PSPs) in response to sound pips with and without a prepulse 
before and after SB-699551 (N=14). Fig. 1B shows single PSP traces before and after before 
(black) and after (blue) are shown with the PSP to prepulse responses superimposed (orange). 
SB-699551 reduced peak amplitude of the PSP (paired t test, **p = 0.0011, n=14, Fig 1C). PPI, 
defined as the reduction in peak amplitude caused by the prepulse, was not affected by SB-




start probability to single pulses. Single pulse C-start probability to three sound stimuli 
intensities (152, 162, and 169 dB relative to 1 µPa in water) were tested in two groups of 
goldfish that received either SB-699551 (N=9) or saline (N=9, Fig 1D). C-start probability was 
significantly reduced in the treatment group (GLMM, F(1,48) = 13.13, p = 0.0007 N=18).  
Discussion 
The results of our study can be summarized as follows: 5-HT5A modulates baseline M-
cell excitability without affecting PPI directly (Fig C and D). At the behavioral level, the 
reduction in M-cell excitability leads to a reduction in overall startle probability (Fig 1E). During 
PPI, the reduction in excitability by 5-HT5A antagonist adds to the inhibition evoked by the 
prepulse, which produces an apparent enhancement of PPI at the behavioral level due to a floor 
effect (Fig 1A). In addition to characterizing the functional role of the 5-HT5A subtype receptor 
in modulating M-cell excitability, the results of this study have important consequences on the 
nature of the interaction between decreased intrinsic startle circuit excitability and the inhibition 
associated with PPI. 
5-HT5A modulates baseline M-cell excitability by activating a membrane conductance. 5-
HT5A antagonists attenuated the post-synaptic PSP, which suggests a decrease in M-cell 
excitability. The effect of 5-HT5a antagonists on chloride conductance was visualized by 
recording intracellular activity with a KCl electrode, which reversed the chloride driving force. 
This technique allows visualization of the chloride conductance as membrane depolarizations 
(Diamond and Huxley, 1968; Fukami et al., 1965). We found that chloride conductance was 
increased, which contributes to an increased shunting inhibition and reduce M-cell excitability. 
We also considered whether 5-HT5A affected potassium conductance. Studies using the rodent 




(Goodfellow et al., 2012; Noda et al., 2003). In addition, the effects of 5-HT on the M-cell 
membrane properties includes a transient increase in an inward rectifying potassium conductance 
(Mintz and Korn, 1991). Although the increase in chloride conductance following antagonization 
of 5-HT5A does not exclude the possibility of an additional activation of an inward-rectifying 
potassium conductance, the affected conductance measured during intracellular current injections 
was not voltage-dependent. Therefore, any effect on voltage-gated or inward-rectifying 
potassium conductances was not detected. 
5-HT5A antagonists increased the threshold for the startle response, which had an additive 
effect with the inhibition from PPI such that startle probability in prepulse conditions was 
strongly reduced and therefore an apparent increase in PPI was observed. Although the inhibition 
associated with PPI remained constant after 5-HT5A antagonist administration, the effect of PPI 
was proportionally increased due to the relative effect being larger. These results highlight the 
complexity of the interaction between baseline startle excitability and PPI. This additive 
interaction between baseline M-cell excitability and PPI is consistent other studies that show an 
interaction between startle circuit excitability and PPI. For example, studied in humans suggest 
that the attenuation of startle due to habituation is sufficient to produce an apparent reduction in 
PPI (Blumenthal, 1997; Lipp et al., 1994; Norris and Blumenthal, 1996). Similarly, increases in 
startle circuit excitability have been shown to strongly reduce PPI. In rodents, startle circuit 
hyperexcitability induced by lesioning the substantia nigra potentiates startle and eliminates PPI 
(Schicatano et al., 2000a). In fish, it is likely that the additive effects of baseline excitability and 
PPI play an important role in determining startle probability due to the all-or-none nature of the 
response. The results of our study suggest that a linear downward shift in excitability can 




Figure 1: The 5-HT5A antagonist SB-699551 attenuates startle circuit excitability and reduces 
PPI behaviorally 
(A) Plots of the calculated mean PPI effect for ISI50 (black) and ISI500 (grey) across dosages (± 
SEM, n = 10). (B) Representative traces (KAc electrodes) showing the sound-evoked post-
synaptic potentials (PSPs) with no prepulse (black) and with prepulse (ISI50, red) in drug-control 
(left traces) and in SB-699551 conditions (right traces). The sound stimulus was identical in all 
traces Note that SB-699551 attenuated the prepulse and pulse PSP (indicated in arrows), but 
prepulse-evoked inhibition (indicated in brackets) is similar in control and drug conditions. (C) 




treatment. (*Paired t-test, p = 0.0011, n = 14). (D) Plots of mean synaptic PPI effect of sound-
evoked PSPs (± SEM) for control (black) and SB-699551 (blue) treatment at 50 and 500 ms ISI. 
(E) Mean startle rates (± SEM) in response to pulse-only (no prepulse) acoustic stimuli for naïve 
subjects in saline (n = 8, black line) and SB-699551 (n = 8, blue line) treatment conditions for 
three different startle stimulus intensities (X-axis, dB re 1 μPa in water). SB-699551 reduced 






The objectives of this thesis were to explore the interactions between the cellular 
mechanisms that mediate sensory processing in the M-cell and determine its behavioral output, 
the C-start escape response. Specifically, the M-cell was used to model the cellular mechanisms 
of sensorimotor gating. Our findings build upon the multiple mechanisms that mediate PPI at 
distinct time intervals. A consistent theme that emerges in our results is that sensorimotor gating 
involves multiple mechanisms that drive inhibition at distinct time intervals. Our findings 
highlight the complex interaction between the mechanism that mediate sensorimotor gating and 
illustrate how these overlapping mechanisms are integrated in a single neuron and ultimately 
produce the behavioral output.  
Our results help us understand the extent to which changes in baseline M-cell excitability 
modulate PPI. On one hand, we found that reduced M-cell excitability increases PPI at the 
behavioral level. On the other, increased M-cell excitability appears to have no effect or even 
increase PPI, potentially due to the activation of a compensatory inhibitory pathway. This 
conclusion is particularly relevant when viewed within the context of the enormous vital 
significance of the C-start escape behavior to survival in fish. The extent to which startle circuits 
adapt to selective pressures to increase excitability while maintaining a corresponding level of 
inhibition suggests that the processes that maintain sensory processing remain intact even given 
the importance of rapid escape to survival. In other words, the integrity of sensory processing 
may be maintained and protected by PPI even when the rate of the startle response is increased.  





I. Sensorimotor gating is maintained during increased baseline excitability 
A general question that these studies attempted to address involved the extent to which 
PPI is affected by changes in baseline startle circuit excitability. At the behavioral level, PPI is 
often difficult to interpret when baseline startle is modulated (Csomor et al., 2008; Swerdlow et 
al., 2000; Yee et al., 2005). By combining pharmacology with in vivo electrophysiology in the 
M-cell, our results provide numerous examples wherein baseline startle circuit excitability was 
affected but PPI was not. Cortisol, the Kv1.1 blocker DTX-K and the 5-HT5A antagonist SB-
699551 modulated baseline M-cell excitability while having no effect on the cellular 
mechanisms that mediate PPI. In the case of cortisol and DTX-K, M-cell excitability was 
dramatically increased while the inhibition associated with PPI remained intact. In the both 
cases, the overall lack in tonic inhibition after treatment was such that the proportional 
contribution of PPI to overall excitability increased. Although these studies did not assess the 
effect of treatments on behavior, these results suggest that changes in PPI at the behavioral level 
would be possible but misleading. One outcome of increased baseline excitability is the decrease 
in PPI due to a “ceiling” effect (Swerdlow et al., 2000). In this situation, baseline excitability is 
increased such that the inhibition evoked by the prepulse has no effect. In other words, the 
baseline response threshold is so low that the maximum startle response is evoked during 
prepulse – pulse trials. The behavioral consequence of the ceiling effect is an apparent reduction 
in PPI even in situations in which the inhibition from PPI remains intact.  
The interaction between increased baseline excitability and PPI could help explain 
studies that suggest that increases in startle circuit excitability alone is enough to strongly reduce 
PPI. In rodents and human, increases in startle circuit excitability have been shown to eliminate 




facilitation (PPF). For example, humans with Parkinson’s-induced startle hyperexcitability and 
rodents with startle circuit hyperexcitability induced by lesioning the substantia nigra 
demonstrate PPF to stimuli that evoke PPI in controls (Schicatano et al., 2000a). One proposed 
solution to measuring PPI following treatments that also increase baseline startle is to 
compensate for the increased baseline by reducing stimulus intensity (Swerdlow et al., 2000). 
Conversely, increased stimulus intensities may be used to measure PPI when treatments also 
reduce baseline startle (Swerdlow et al., 2000). Both Kv1.1 (Chapter 2) and Cortisol (Chapter 3) 
demonstrate intensity-dependent effects on PSP response, which suggests that in addition to 
cellular mechanisms that target distinct time-intervals during PPI, voltage-sensitive conductances 
may differentially modulate PPI at specific levels of intensities. Intensity-dependent effects on 
PPI may provide a new avenue for understanding the cellular mechanisms that mediate PPI. In 
addition, characterization of the intensity-dependent PPI effects may help reveal conductances 
that would otherwise be masked by increased baseline startle.  
The conclusion that increased baseline excitability does not necessarily reduce PPI has 
two potential implications for the conclusions from our research that may be relevant to the study 
of PPI in general. First, PPI effects that occur in conjunction with increased baseline excitability 
cannot be ruled out as a byproduct of increased excitability. Therefore, the reduction in PPI that 
was observed after blocking Kir3.1 can be more directly linked to an effect on the cellular 
mechanisms that mediate PPI rather than an indirect byproduct of increased baseline excitability. 
Second, our results suggest that PPI may compensate for increased baseline excitability. 
Blocking Kv1.1 with DTX-K strongly increased M-cell excitability such that PPI was 
proportionally increased even if the level of inhibition remained constant. Given that DTX-K 




injection would decrease as the total amount of current injected was lower. This suggests the 
potential involvement of a compensatory inhibition that increases PPI during increased baseline 
excitability. In the M-cell, one possibility for the increased inhibition during increased excitation 
are voltage-gated chloride channels that increase shunting inhibition in parallel with increased 
depolarization (Faber and Korn, 1987). This form of shunting inhibition would have to be 
sufficiently large to compensate for the reduction in inhibitory current that occurs during 
increased excitation. Indeed, the M-cell receives inhibition that controls the effectiveness of the 
M-cell’s excitatory inputs  (Furshpan and Furukawa, 1962; Korn and Faber, 2005; Weiss et al., 
2008). Therefore, one possibility is that this parallel, voltage-sensitive inhibitory pathway 
associated with PPI compensates for increased excitability (Faber and Korn, 1978). Such a 
mechanism may provide insight into the functional role of PPI. PPI is thought to preserve the 
information contained within the prepulse from the disruption of a subsequent startle response 
(Graham, 1975). However, there is significant individual variation in PPI and PPI often 
fluctuates as a result of activity in many brain areas that project to the startle network (Braff et 
al., 2001; Swerdlow et al., 2008). Therefore, characterizing PPI as normal or deficient is 
inaccurate as the adaptive value of PPI is not known (Swerdlow et al., 2008). The existence of an 
inhibitory compensatory mechanism that preserves PPI during increased startle circuit 
excitability would suggest that the potential benefits of PPI to sensory processing are maintained. 
In contrast to increased excitability, decreased M-cell excitability was associated with an 
apparent increase in PPI at the behavioral level. Antagonizing 5-HT5A receptors with SB-699551 
activated a tonic chloride shunting inhibition that was not PPI-related. However, the additive 
interaction between the shunting inhibition and PPI resulted in an increase in PPI at the 




by PPI. Unlike our results following treatment that increased baseline excitability, we found no 
evidence of an opposing compensatory mechanism to decrease PPI during decreased excitability. 
In contrast to the increase in PPI and decreased baseline excitability by SB-699551 in goldfish, 
studies in rodents suggest that decreased baseline startle reduces PPI (Blumenthal, 1997; Lipp et 
al., 1994; Norris and Blumenthal, 1996). However, a critical difference between the startle reflex 
in mammals and fish is that the mammalian startle is graded whereas the rapid fish startle 
response is all-or-none (Eaton et al., 1981; Fendt and Koch, 2013). Thus, the downward shift in 
excitability may produce a supralinear effect in behavior due to the additive effect of PPI on 
startle threshold. Both an increase and decrease in PPI following decreased baseline startle is 
consistent with the lack of a compensatory mechanism associated with PPI.  
Our results suggest that PPI is generally more sensitive to treatments that reduce baseline 
M-cell excitability compared to those that increase it. There is some evidence that supports the 
relative sensitivity of PPI to reductions in baseline startle. Indeed, studies in rodents suggest that 
many drugs that increase baseline startle either have no effect on PPI or increase it (Bakshi et al., 
1995; Davis et al., 1990; Swerdlow et al., 2000). In contrast, low doses of apomorphine that 
eliminate PPI are associated with a reduction in baseline startle rather than an increasing (Kodsi 
and Swerdlow, 1995; Lipska et al., 1995; Mansbach et al., 1988; Swerdlow et al., 2000; 
Swerdlow and Geyer, 1993). In the M-cell, apomorphine reduces PPI in the M-cell while having 
somewhat mixed effects on M-cell excitability (Medan and Preuss, 2011). Current injections 
revealed that apomorphine increased M-cell excitability, although the sound-evoked PSP 
response was reduced rather than increased, which suggests that apomorphine may reduce 
activity in the auditory afferents (Medan and Preuss, 2011). The combination of increased M-cell 




of apomorphine on PPI. In any case, the evidence of a compensatory mechanism in the M-cell 
that increases PPI when baseline excitability is increased may be broadly applicable to startle 
circuits.  
II. Cortisol: a potential adaptive mechanism to increase sensory gain? 
Cortisol is a steroid hormone released during stress that has been shown to shape 
behavior by directly modulating neural excitability, although the mechanism is poorly 
understood (Orchinik et al., 1991; Remage-Healey and Bass, 2004; Rose et al., 1998). In the M-
cell, we found that cortisol rapidly increased post-synaptic excitability through an increase in 
baseline excitability and a reduction in evoked feedforward inhibition. A potential consequence 
of this increase in excitability is the decrease in startle latency. The functional role of startle has 
been generally described as protective or indirectly survival-related (Koch, 1999a). For example, 
in rodents the body-flinch may facilitate an escape reaction by first rapidly interrupting ongoing 
behavior, tensing muscles in preparation for coordinated muscle movements involved with 
escape and reducing the latency for a subsequent directed escape reaction by facilitating 
responsiveness in motoneurons (Davis et al., 1993; Graham, 1979; Horlington, 1968; Landis and 
Hunt, 1939; Pilz and Schnitzler, 1996). In fish, the C-start escape response has been shown 
quantitatively to increase the probability of survival. Specifically, the ability of guppies to evade 
predation was shown to be directly correlated with the latency of their escape responses (Walker 
et al., 2005). Therefore, the increase in sensory gain during the upregulation of cortisol, which 
occurs within minutes following exposure to a stressor, may have an adaptive value by 
decreasing startle latency (Bonga, 1997; Flik et al., 2006). Indeed, a study on the effect of acute 
temperature cooling of baseline M-cell excitability demonstrated that more excitable M-cell 




We also found that PPI remained intact after treatment with cortisol. Broadly, this 
suggests that the reduction in PPI observed in socially-stress cichlids may reflect the effects of 
long-term exposure to increased cortisol levels (Neumeister et al., 2017). Social stress has been 
shown to produce a long-lasting reduction in PPI following social stress during development, but 
the time-scales of elevated endogenous cortisol release are considerably longer than the acute 
administration of exogenous cortisol in the cortisol study described in chapter 3. However, the 
resilience of PPI to the acute increase in excitability by cortisol underlines its importance in 
maintaining the integrity of the processes involved in sensory processing. In crayfish, it has been 
shown that the excitability of the escape reflex is socially-regulated presumably to account for 
differences in escape strategy (Krasne et al., 1997). Specifically, subordinate male crayfish 
exhibit slower, more adaptive escape responses compared to the faster, less adaptive responses in 
dominant males (Krasne et al., 1997). It was also shown that the social regulation of crayfish 
behavior can be explained by the local neural circuits that mediate the behavior rather than 
upstream modulation (Issa et al., 2012). Together, these results suggest that PPI plays an 
adaptive role in ensuring that the accuracy and reliability of startle decision-making is 
maintained when the social and environmental context of these decisions are changed. Therefore, 
we might expect that reduced PPI may reflect the adaptive value of a faster, but potentially less 
appropriate startle response. In this model, the increased sensory gain associated with increased 
cortisol might therefore be interpreted as a reduction in startle latency without a corresponding 
loss of adaptability.  
We also considered the channels and receptors that could mediate the effect of cortisol on 
M-cell excitability. The results from our cortisol study demonstrate important similarities to the 




and cortisol increased excitability by inactivating a voltage-sensitive conductance and had no 
effect on PPI. Indeed, in-vitro studies in rodents suggest that cortisol rapidly inhibits voltage-
gated potassium currents including Kv1.1 by shifting their activation curves (Wang et al., 1998; 
Zaki and Barrett-Jolley, 2002). Follow-up studies would be required to determine whether the 
effects of cortisol are mediated by a decrease in Kv1.1 conductance.  
III. The excitatory response to the prepulse modulates PPI 
A general goal in these studies was to further our understanding of the cellular 
mechanisms that mediate the excitatory response in the startle circuit to the prepulse during PPI 
trials, and these mechanisms may influence PPI. One advantage of our approach using in vivo 
electrophysiology includes the ability to measure the response to both the prepulse and the pulse 
in the same trial. In chapter 2, we found that Kv1.1 prolongs the PSP response such that a 
lingering depolarization from the residual PSP may superimposed upon a successive PSP that 
occurs shortly (≤ 50 ms) after the first. The increase in membrane depolarization at the onset of a 
secondary pulse would indirectly reduce PPI, particularly at short ISIs when the residual PSP is 
still present. Indeed, in vitro studies in the rodent inferior colliculus show a reduction in PPI-
related activity at 20 ms ISI in the absence of Kv1.1 channel expression (Allen et al., 2008). By 
injecting a current ramp after a prepulse PSP, we isolate the inhibitory component of PPI by 
subtracting the excitation associated with the residual PSP and found that PPI was maintained 
after blocking Kv1.1. However, the residual PSP provides a potential mechanism wherein the 
excitatory component of the prepulse could affect PPI independently of the network that controls 
PPI.  
Our results suggest the superimposed excitation induced by the prepulse could 




facilitation of the startle, or prepulse facilitation (PPF). Rodents and humans demonstrate PPF at 
very short ISIs of less than 12.5ms in rodents or 20 ms in humans (Hsieh et al., 2006, 200; 
Plappert et al., 2004). In fish, Mu et al., 2012 observed facilitation of auditory-evoked C-start 
response in larval zebrafish when the pulse was preceded by a white light by 500ms, although 
the long ISI likely reflects the significantly slower processing associated with visual processing 
(Medan and Preuss, 2014; Mu et al., 2012; Zottoli et al., 1987). Although prepulse facilitation 
during short ISIs has not yet been demonstrated in goldfish, facilitation would be predicted to 
occur if the depolarization evoked by the prepulse were to exceed the primarily glycinergic 
feedforward inhibition at short (20 ms) ISI (Curtin and Preuss, 2015).  
Our results demonstrate that the residual PSP involves conductances that are sensitive to 
Kv1.1 / Kir3.1 blockers as well as the steroid hormone cortisol. It has been previously shown 
that the auditory-evoked residual PSP likely reflects electrotonic coupling between the M-cell 
and auditory afferences can extend up to 100ms (Medan and Preuss, 2011; Szabo et al., 2006) 
Kir3.1, and to a lesser extent Kv1.1, were shown to mediate the residual PSP as blocking these 
channels prolonged the response (see Chapter 2 for details). Interestingly, blocking Kv1.1 had an 
intensity-dependent effect on the residual PSP with the largest increases observed following high 
intensity stimuli. This is consistent with other studies showing a positive relationship between 
Kv1.1 conductance and M-cell depolarization (Brewster and Ali, 2013; Watanabe et al., 2017). 
Indeed, one study used higher intensity prepulses that promoted facilitation and found that 
dopamine increased rather than decreased facilitation, as would be predicted from the reduction 
in PPI by dopamine when using lower intensity prepulses Indeed, in vitro studies in the rodent 
paraventricular nucleus (PVN) suggest that cortisol-induced excitability is mediated by a 




conductance may therefore provide a theoretical mechanism for stress-related changes in startle 
such that the potential benefits of PPI to sensory processing are maintained. 
IV. Conclusions 
The work described in this thesis contributed three major findings related to sensorimotor 
gating and startle plasticity. First, we identified a novel mechanism of PPI that involves the 
activation of G-protein activated inward rectifying potassium channels. Second, we found that 
the hormone cortisol acutely regulates excitability of the startle circuit. Third, the previously 
uncharacterized serotonin subtype receptor was shown to modulate startle circuit excitability.  
 These findings provide clues towards other areas of research that may yield a greater 
understanding of sensorimotor gating. First, the involvement of voltage-sensitive potassium 
channels provides a potential mechanism for prepulse intensity-dependent effects on 
sensorimotor gating. Further characterization of the cellular mechanisms that mediate the 
relationship between prepulse intensity and PPI may help researchers understand the paradoxical 
relationship between prepulse inhibition and facilitation (Yee and Feldon, 2009). Second, we 
found indirect evidence of a compensatory mechanisms maintains sensorimotor gating when 
excitability of the startle circuit is increased. We found no evidence of a similar compensatory 
mechanism that reduces sensorimotor gating when overall inhibition is increased. Research in 
this area may account for the sensitivity of PPI to treatments that increase inhibition when 
compared to increase excitation (Swerdlow et al., 2000). Finally, the extent to which PPI is 
maintained during increased excitation points towards a potential adaptive function of 
sensorimotor gating; namely a flexible inhibitory mechanism that allows the CNS to sacrifice 
speed for adaptability or vice-versa. Given that the M-cell fires more quickly than downstream 




and Oda, 2004; Zottoli and Faber, 2000), sensorimotor gating may provide a mechanism by 
which more complex behaviors that are mediated by downstream networks may be favored over 
the rapid responses mediated by the M-cell. These results highlight the complexity of 
sensorimotor gating as well as its potential to further our understanding of the cellular 
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